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PREFACE 

This report is an overview for design and construction of drilled 

shafts in cohesive soils. It is the first phase in a continuing research 

and development effort leading to improved design procedures and guide

lines in support of Work Unit AT40/E0/006, "Development of Methodology 

for Design of Drilled Piers in Cohesive Soils,'' sponsored by the Office, 

Chief of Engineers, U. S. Army. 

The report was prepared by Dr. Lawrence D. Johnson, Research Group 

(RG), Soil Mechanics Division (SMD), Geotechnical Laboratory (GL), U. S. 

Army Engineer Waterways Experiment Station (WES), with the assistance of 

Mr. Walter C. Sherman, Jr., RG, SMD, and Dr. Mosaid M. Al-Hussaini, for

merly with the RG, SMD. The work was performed under the supervision of 

Mr. Clifford L. McAnear, Chief, SMD, and Mr. James P. Sale, Chief, GL. 

Mr. W. R. Stroman, Foundations and Materials Branch, U. S. Army Engineer 

District, Fort Worth; Dr. Edward B. Perry, RG, SMD; Mr. Gerald B. Mit

chell, Chief, Engineering Studies Branch, SMD; and Mr. Richard G. Ahlvin, 

former Assistant Chief, GL, reviewed the report and provided many helpful 

comments. 

COL J. L. Cannon, CE, and COL N. P. Conover, CE, were Directors of 

WES during the preparation of the report. Mr. F. R. Brown was Technical 

Director. 
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CONVERSION FACTORS, INCH-POUND TO METRIC (SI) 
UNITS OF MEASUREHENT 

Inch-pound units of measurement used in this report can be converted to 

metric (SI) units as follows: 

Multiply 

feet 

foot-pounds (force) 

foot-tons (force) 

inches 

inches 

kips (1000 lb force) 

kips (force) per square foot 

pounds (force) per square inch 

pounds (mass) 

pounds (mass) per gallon 
(U . S. liquid) 

quarts (U. S. liquid) 

square feet 

square feet per ton (mass) 

tons (2000 lb force) 

tons (force) per cubic foot 

tons (force) per square foot 

tons (2000 lb mass) 

tons (mass) per cubic foot 

By 

0.3048 

1.355818 

2 . 7085881 

2.54 

25.4 

4.448222 

47.880263 

6.894757 

0.45359237 

0.11982642 

0.9463529 

0.09290304 

1.0240807 

8 . 896444 

0.31417495 

95.76052 

907.18474 

32.036934 

3 

To Obtain 

metres 

newton-metres 

kilonewton-metres 

centimetres 

millimetres 

kilonewtons 

kilo pascals 

kilo pascals 

kilograms 

kilograms per litre 

lit res 

square metres 

square centimetres per 
kilogram 

kilonewtons 

megapascals per metre 

kilopascals 

kilograms 

grams per cubic 
centimetre 



OVERVIEW FOR DESIGN AND CONSTRUCTION 

OF DRILLED SHAFTS IN COHESIVE SOILS 

PART I : INTRODUCTION 

Background 

1. The selection of a suitable foundation for a structure should 

be based on a thorough knowledge of site and soil conditions and an eval

uation of the relative advantages of alternative types of foundations . 

The choice depends on such considerations as the design and loading re

quirements of the struc ture, effects of construction on nearby struc

tures, availability of equipment, accessibility of construction equipment 

to the site, type of soil, permissible noise level, and relative costs . 

Deep foundations such as drilled shafts or concrete cylinders cast into 

bor eholes provide an economical method to transfer structur al loads be

yond (or below) unstable (weak, compressible, swelling) sur face soil 

down t o deeper, stable (firm, nonswelling) strata . Figure 1 illustr ates 

a typical drilled shaft with an enlarged base. Other terms used to de

scribe the drilled shaft are "drilled pier," "drilled caisson, " "augered 

foundation," and " bored pile. " Texas experience (Reed 1978) has shown 

that a drilled shaft is generally more economical than other forms of 

piling if the hole can be bored . 

2. The drilled shaft is often chosen over other foundation systems 

if the borehole can be readily and rapidly drilled, the bearing forma

tion is at depths accessible to available equipment, the site is reason

ably level and firm and has adequate overhead clearance, and the building 

code permits drilled shaft foundations (Woodward, Gardner, and Greer 

1972). Drilled shafts have special advantages in swelling or compress

ible soils where loads can be carried below depths of seasonal moisture 

chang.es into stable strata. Uplift forces from swelling of adjacent soil 

or downdrag from consolidating fills can be resisted by constructing 

underreams (enlarged bases or bells) in deeper stable strata or by 

4 
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Fi gure 1. Typical dr illed shaft 

extending the shaft length deeper into stable strata . The concrete can 

also be cast in smooth polyethylene sleeves or PVC or can be coated with 

bitumen slip layers to reduce skin friction on the shaft (Patey 1977, 

Claessen and Horvat 1974) . Large-diameter shafts can be more easily 

constructed to resist lateral loads than driven piles or other founda

tion types. Table 1 describes various applications of drilled shafts 

and lists advantages and disadvantages . 

3. Drilled shafts develop their bearing capacity from side fric 

tion and end bearing or base resistance . A typical classification of 

drilled shafts, categor izing them into three types depending on the rela

tive contribution of skin friction and end bearing resistance, is pre

sented in Figure 2. The load capacity of shafts in stiff, homogeneous 

soil (Figure 2a) is derived from a combination of the frictional skin 

and end bearing resistance . A bell is sometimes provided to increase 
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Applications 

1. Absence of shallow, stable, 
founding stratum; support 
of structures with shafts 
drilled through swelling 
soils into zones unaffected 
by moisture changes 

2. Support of moderate to high 
column loads; high column 
loads with shafts drilled 
into hard bedrock; moderate 
column loads with under
reamed shafts bottomed on 
sand and gravel 

3. Support of light structures 
on friction shafts 

4. Rigid limitations to struc
ture deformation; differen
tial heave or settlement 
exceeds 2 to 3 in.; large 
lateral variations in soil 
conditions 

5. Structural configurations 
and functional requirements 
or economics preclude mat 
or other foundation: (a) 
resist uplift forces from 
swelling soils, (b) provide 
anchorage to pulling, late
ral, or overturning forces 

Table 1 

Applications of Drilled Shafts* 

Advantages 

1. Personnel, equipment, and materials 
for construction usually readily 
available; rapid construction pos
sible due to mobile equipment; 
careful inspection of excavated 
hole usually possible; noise level 
of equipment less than that for 
some other construction methods; 
low headroom needed 

2. Excavated soil can be examined to 
check projected soil conditions and 
profile; excavation possible for 
wide variety of soil conditions 

3. Heave and settlement at ground sur
face normally small for properly 
designed shafts 

4. Disturbance of soil minimized by 
drilling, thus reducing consolida
tion and dragdown due to remolding 
compared to other methods of plac
ing deep foundations such as 
driving 

5. Single shaft can carry very large 
loads often eliminating need for 
cap 

6. Changes in geometry (diameter, pen
etration, underream) can be made 
during construction if required by 
subsurface conditions 

Disadvantages 

1. Accurate predictions of load 
and settlement behavior not 
always possible 

2. Careful design and construc
tion required to avoid de
fective foundations; careful 
inspection necessary during 
construction; inspection of 
concrete after placement 
difficult 

3. Inadequate knowledge of de
sign methods and construc
tion problems can lead to 
improper design 

4. Construction techniques 
sometimes very sensitive to 
subsurface conditions: (a) 
susceptible to "necking" in 
squeezing ground; (b) diffi
cult to concrete requiring 
tremie if hole filled with 
slurry or water; (c) cement 
may wash out if water under 
artesian pressure; (d) pull
ing casing can disrupt con
tinuity of concrete in shaft 
or displace/distort reinfor
cing cage 

5. Heave beneath base of slab 
can aggravate movement be
neath slab on ground 

* From Jobes and Stroman (1974), Jennings and Evans (1962), Chen (1975), and Reese and Wright (1977). 
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RELATIVELY 
SOFT AND 
COMPRESSIBLE 
SOIL 

! HARD OR 
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0 = 200-7000 TONS 0 = 300- 7000 TONS 

SOIL SOIL 

ROCK SOCKET 

ROCK ROCK 

c . Shafts end bearing in rock 

Figure 2 . Principal classifications of drilled shafts 
with respect to supporting soil (after Winterkorn and 

Fang 1975) 
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uplift or end bearing resistance. The load capacity of shafts with the 

base in hard soil (Figure 2b), where the shaft passes through relatively 

soft and compressible deposits, is derived from the bearing capacity of 

the hard or dense soil. The bell is normally located in the hard, co

hesive soil because soft soil may not permit bell construction. Positive 

friction along the shaft, which contributes to the load bearing capacity, 

may be neglected (if soil consolidation is negligible), and the shaft is 

designed for compression with the load resisted by the bottom reaction . 

An enlarged base is frequently used to increase the load capacity or uplift 

resistance of the foundation. Bells may often be formed in materials hav

ing unconfined strengths of from 10 to 15 tsf.* Materials with variations 

in hardness may be hard on equipment, particularly clay shales interbedded 

with limestone stringers, and bells may not be practical. Drilled shafts 

with the base in rock (Figure 2c) are designed as compression members with 

the load resisted at the base and the base not enlarged. The base should 

not normally be located within three base diameters of an underlying un

stable stratum. 

4. The shaft ln stiff soil (Figure 2a) may sometimes be designed 

as a friction or floating shaft securing its support entirely from the 

surrounding soil. Skin friction is usually substantial and developed at a 

fraction of the settlement required to develop end bearing resistance . 

For example, skin friction is fully mobilized after a downward displace

ment of less than 0.5 in., or 0.5 to 3.0 percent of the shaft diameter 

(Burland, Butler, and Dunican 1966, Seed and Reese 1957, Reese and Wright 

1977), while full mobilization of end bearing resistance may require dis

placement of 10 to 30 percent of the base diameter in cohesive soils 

(Whitaker and Cooke 1966, Vesic 1977). For many cases where settlement is 

less tl1an 0.5 in., most of the structural load is carried by the soil 

surrounding the shaft. Enlarged bases develop more end bearing resistance 

than straight shafts, but much more settlement is required to mobilize 

this resistance (Tomlinson 1977). More drilled shafts have recently been 

designed with straight shafts and shorter lengths compared to earlier de

signs, particular where swelling soils have not been a problem 

* A table of factors for converting inch-pound units of measurement 
to metric (SI) units is presented on page 3. 
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(Reese 1978, because skin friction has been found to be substantial. 

5 . The bearing capacity and load-settlement behavior are dependent 

on many factors such as method of installation (dry, cased, or slurry), 

extent of remolding of soil during construction of the shaft, fissures 

in and shear strength of the soil , amount of moisture migrating into the 

soil from the concrete , shrinkage of surface soil, and relief of lateral 

pressures (Tomlinson 1975, Reese and Wright 1977, Hoy 1978). The effect 

of these little-understood factors makes accurate predictions of bearing 

capacity and load-settlement behavior from theoretical concepts nearly 

impossible. Drilled shafts are presently designed based on a combina

tion of simple theoretical concepts , empirical correlations, limited 

load test data, and past experience. 

6. Heave and settlement should not exceed specified limits deter

mined from usage requirements and tolerances of the structure. The pres

ent state of the art usually permits reasonably reliable predictions of 

ultimate bearing capacity, while predictions of heave or settlement of 

shaft foundations are less reliable; The shaft foundation is therefore 

designed with an adequate margin of safety to assure satisfactory perfor

mance . The margin of safety is denoted by Qu - Qw , where Qu is the 

ultimate bearing capacity of the soil and ~ is the applied load. 

Failure occurs if Qu is less than ~ , but the foundation will be 

overdesigned if is too much greater than Q . 
w 

As shown in the fol-

lowing tabulation, central factors of safety FS given by the ratio of 

Qui~ have been related to the probability of failure by Reese and 

Wright (1977): 

Central Factors of 
Safety for Cited Level 

Probability of Control Over Design 
Type of of Failure, Parameters 

Structure percent Poor Normal Good 

Monument 0 . 001 3 . 5 2 . 3 1 . 7 

Permanent 0 . 01 2. 8 1 . 9 1.5 

Temporary 0 . 1 2.3 1 . 7 1.4 

The central factor of safety combines partial factors of safety with 

respect to (a) strength of soil, (b) quality of construction, (c) design 
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errors and limitations in theory, (d) reduction of load to an acceptable 

or safe level, and (e) changes in load due to errors, change in use of 

structure, construction effects, creep, and an incorrect assumed proba

bility density function. An FS for the poor or normal level of con

trol is recommended as the minimum overall factor of safety (Reese and 

Wright 1977). A "poor" FS indicates that very little is known about 

the design parameters or that there is considerable scatter in the 

data. 

7. Experience (Burland, Butler, and Dunican 1966, Tomlinson 1975, 

Vesic · l977, Reese and Wright 1977) has shown that working loads ~ of 

one third to one half of the ultimate bearing capacity Q usually lead 
u 

to total settlements that are predominantly elastic and less than 0.5 in. 

Such loading ratios are consistent with the poor and normal FS values 

shown above for permanent structures . Long-term settlements from consol

idation and creep of the soil appear insignificant (Wooley and Reese 

1974). Working loads are usually conservative since many str uctures can 

tolerate total settlements of 2 to 3 in. without becoming unserviceable 

(Reese and Wright 1977). However, the economic loss due to unattractive 

architectural disturbance or disruption of operations for maintenance 

can certainly detract from the usefulness of otherwise completely ser 

viceable structures. Sometimes, lower factors of safety may be applied 

where there is an abundance of local experience. A consolidation settle

ment analysis may be necessary if the soil zone influenced by the base 

load includes relatively soft and compressible layers . 

8. The design process for drilled shafts should include subsurface 

exploration, laboratory testing, selection of the shaft design, and 

selection of the more promising construction procedures . The subsurface 

exploration program should be adequate for establishing the technical 

and economical feasibility of using drilled shafts. Adequate laboratory 

tests for determining and further refining the engineering properties of 

the bearing strata are also useful in establishing feasibility of drilled 

shaft foundations; e.g . , determining the cohesion and potential for 

sloughing and caving in boreholes. Shaft design requires the determina

tion of the length, diameter , reinforcement, and allowable working loads. 

10 



The chosen construction procedure should be sufficiently flexible to 

allow modification and improvements as necessary by the contractor to 

accommodate actual field conditions . 

Purpose and Scope 

9 . During the past decade , there has been considerable research 

on drilled shaft foundations, both in the United States and abroad . In 

spite of the large amount of published data , ther e are very few single , 

self-contained sources that an engineer can use for the des i gn of dr illed 

shafts under different loading and soil conditions . Furthermore , cur

r ent design pr act i ce r equires the use of empirical cor relations which 

may not be applicable at new construction sites or for d i fferent con

struction methods . Fi el d load tests are often necessar y to confirm the 

pr oposed des i gn . Load tests , however, may be economically pr ohi bi t i ve 

for small construction pr ojec t s . Much exper ience and exper tise ar e often 

necessar y to i nterpr et load tests and pr oper ly design and constr uct 

drilled shaft foundations . Where load tests have been per for med in 

Texas (Hoy 1978), the r esults have per mitted better def i ni t i on of fac 

tor s of safety and h i gher bearing pr essures than those proposed . 

10. The purpose of the s tudy under which t he r eport was prepar ed i s 

t o provide Corps eng inee r s wit h guidelines and des i gn criteria fo r eco

nomical and eff i c i ent des i gn and cons truc tion of drilled s haf t s in co

hesive soils f or most loading conditions . This report summarizes the r e 

s ult s of a s tudy on field exploration, laboratory inves tigations , 

methodology available for des i gn of drilled shaft s in cohesive soil, and 

cons truction procedures. Various design methods are compared with re

s ults of field load t ests to evaluate the relative usefulnes s of each 

des i gn procedure. Cons truction problems and s olutions are pres ented t o 

he lp avoid defective shafts and subs equent unsatisfactory pe rformance of 

the foundation. Future work involves the d eve lopment of improved design 

guidelines and cons truction techniques. Effective s tress analys is i s 

one approach that will be investigated to improve de sign guidelines . 

11 
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PART II: FIELD INVESTIGATIONS 

General Requirements 

11. The design and construction of structures proposed to be 

founded on drilled shafts should be preceded by a well-planned investi

gation of the surface and subsurface conditions at the site. The inves

tigation should be conducted in sufficient detail to establish that deep 

foundations are actually required and that drilled shafts are the most 

economical and practical alternative for supporting the structure. A 

judgment should be made early in the investigation that drilled shafts 

are a viable alternative so that the investigation can be tailored to 

develop required information for their design. The scope of the investi

gation will depend on the nature and complexity of subsurface materials 

and the size of, requirements for, and cost of the structure. 

12. The field investigation should be carried out in two major 

phases: a surface examination and subsurface explorations. A third 

phase, which complements the second phase, consisting of in situ tests 

(see Appendix A) may also be required. The surface examination must be 

conducted first since its results determine the extent of the subsurface 

explorations . The surface examination can itself be divided into three 

separate activities consisting of (a) gathering documentary evidence, 

(b) field reconnaissance, and (c) gathering local experience. On 

military posts this information is usually readily available. The sub-

surface exploration is generally divided into preliminary and detailed 

phases. 

Surface Examination 

Documentary evidence 

13. The logical and necessary first step in any field investiga

tion is a survey of all pertinent information on geological and soil con

ditions at and in the vicinity of the site. Local geological records and 

publications and federal, state, and institutional surveys provide good 

sources of information on subsurface soil features. Procedures for con

ducting such a survey are described in Technical Manual 5-818-1 

12 



(Headquarters, Department of the Army 1961) and Engineer Manual 

1110-2-1804 (Headquarters, Department of the Army in publication). 

Field reconnaissance 

14 . A thorough visual examination of the site and its environment 

by the foundation engineer, preferably in company with a geologist, is a 

necessity. This activity may be combined with the gathering of local 

experience. Relevant items which should be considered in field recon

naissance include (Reese and Wright 1977): 

a. Restrictions on access . 

b . Locations of utilities and restrictions concerning removal 
or relocation. 

c . Locations of existing structures at and adjacent to the 
site . Description of foundation types employed. Complete 
visual examination and obtain photographs if it can be 
reasonably expected that adjacent structures may be 
affected by construction operat i ons . 

d. Locations of trees and other major surface vegetation and 
r estrictions concerning removal or disposition. 

e. Surface drainage including presence of surface water. 

f. Contour maps of site. Delineation of fill areas, rock 
outcrops, or other topographic features. 

~· Possible condition of ground at time of construction in 
relation to trafficability of construction equipment. 

Local experience 

15. Local experience is very helpful in indicating possible design 

and construction problems and soil and groundwater conditions at the site. 

Past successful methods of design and construction, recent innovations, 

and cost effective and feasible new methods of design should be examined 

to assess their usefulness for the proposed structure. In addition, any 

local information pertaining to the use of drilled shaft construction and 

performance would be extremely useful. Construction techniques, equip

ment employed, and problems encountered during drilled shaft construction 

are pertinent items. 

Subsurface Explorations 

Preliminary phase 

16. The purpose of preliminary subsurface explorations is to 

13 



obtain rough soil pr ofiles and representative samples from the principal 

strata or to determine bedrock pr ofiles . Auger or s plit spoon borings 

as described in EM 1110- 2-1907 (Headquarters, Department of the Army 

1972) are commonly used for obtaining r epresentative samples . The bor

ings may be supplemented by geophysical methods on large projects. 

Methods and techniques for geophysical methods are described in EM 1110-

2- 1802 (Headquar ter s , Department of the Army 1948) . On smaller projects , 

the preliminary phase is usually conducted in conj unction with the de

tailed subsurface explorations described s ubsequent l y . Representative 

sampling by means of auger or split spoon equipment can be sufficien t in 

i tself wher e drilled shafts are to be founded on rock and the properties 

of the r ock and overburden are known from local experience . However, 

s ubsurface investigations must be of sufficient scope and detail to 

sat i sfy legal requirements imposed by the contr act . 

Detailed subsurface explorations 

17. In most cases , the preliminary subsurface explorations will 

not be suffic ient t o provide the necessary data for des ign of drilled 

shaf t s , and more detailed investigations will be necessary. The purpose 

of t he l atter explor ations is to obtain detailed soil profiles and un

disturbed samples for special laboratory tests. The explorations s hould 

provide suffic ient information to indica te whether or no t cylindrical 

holes of the proper size and underreams, if needed, can be excavated by 

normal cons truction techniques without the soil caving, sloughing, heav

ing, or exhibiting excessive lateral deformation. Soils of concern 

include soft clays, stiff fissured clays, and cohesionless materials. 

Practically continuous sampling by means of open-drive samplers, piston 

samplers, or core-boring samplers is used for deeper explorations. Rotary 

core double barrels are often used in inert soils and soils containing 

gravel. A single barrel with a diamond head is necessary for rock. 

Large-diameter borings approaching the geometry expected to be made dur

ing construction of the shafts also provide the highest quality undis

turbed samples and permit direct observation of the foundation soils. 

Examination of the shaft walls may reveal relevant details such as thin, 

weak layers or sand seams that may not be detected even by continuous 

undisturbed borings. In situ penetration and sounding tests or vane shear 
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tests (Appendix A) may be conducted to supplement available information. 

Undisturbed samples 4 in. or more in diameter are preferable for deter

mination of the consolidation and strength characteristics of the founda

tion soils . 

18 . Location and spaclng . In exploration of extensive areas, the 

borings should be located so as to supplement or extend the information 

obtained from the fact -finding and geological survey . Borings with a 

rigid pattern or spacing often will not disclose unfavorable conditions; 

therefore, it is preferable to space the borings so as to define the geo

logic units and soil nonconformities. Spacings of 50 or 25 ft, and 

occasionally to even lesser distances, may be required when erratic sub

surface conditions are encountered . In exploration of structure sites, 

the initial borings should preferably be located close to the corners 

of the area, and the number of borings should not be less than three 

unless subsurface conditions are known to be very uniform. These prelim

inary borings must be supplemented by intermediate borings as required 

by the extent of the area, location of drilled shafts , and the soil con

ditons encountered . 

19. Depth of exploration. Unless preliminary information is 

unusually good, the required depth of exploration cannot be intelligently 

established until a few borings have been completed . As a general rule, 

all preliminary borings should extend to strata of adequate bearing capac

ity, and should penetrate all soft or loose deposits even though they 

may be overlain by layers of stiff or dense soils . Assuming that a rea

sonable estimate can be made of the drilled shaft lengths, the borings 

should extend well below the anticipated base level . Generally, borings 

may be stopped when rock is encountered or after a penetration of 10 to 

20 ft into strata of exceptional stiffness, provided it is known from 

geological information or explorations in the vicinity that these strata 

have adequate thickness or are underlain by still stronger formations. 

The utmost precaution is necessary to insure that boulders are not mis

taken for a rock stratum. When the drilled shafts are to be founded on 

r ock , it is advisable to penetrate some distance (usually 5 to 10 ft) 

into the rock to determine the extent and character of the rock. 

20 . Rock quality. The principal rock properties of concern for 
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installation and design of drilled shafts are str uctural features and 

shear strength . In situ properties of rock can be inferred from the 

Rock Quality Designation (RQD). These properties and their methods of 

determination are described in Technical Manual 5- 818-1 (Headquarters, 

Department of the Army 1961). 

Groundwater observations 

21. Knowledge of groundwater conditions is an important element in 

design and construction of drilled shafts. Every effort should be made 

to determine the position of the water table, its seasonal variation, and 

how it may be affected by tides or adjacent bodies of water . The pres

ence of perched water tables or a r tesian pressures below the base of the 

drilled shaft should be thoroughly evaluated . Particular attention 

should be given to sandy strata which contain perched water tables only 

during certain times of the year . The most reliable and frequently the 

only satisfactory means for determining groundwater levels is by use of 

piezometers . Types of piezometers , construction details, and sounding 

devices are discussed in EM 1110- 2- 1908 (Headquar ters , Department of the 

Army 1971) . The presence of harmful ingredients in the groundwater such 

as sulphates should be established by appropriate laboratory tests. 
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PART III: LABORATORY INVESTIGATIONS 

22 . Design of drilled shafts in cohesive soil requires knowledge 

of the physical properties of the foundation soil. Appropriate physical 

properties are normally determined from classification, strength, and 

swell/consolidation tests . The physical properties should be determined 

for each type of soil down to depths of at least five base diameters 

below the proposed base elevation of the shaft . The depth of soil test

ing needs to be increased if group load effects on drilled shafts 

(spacings less than e ight shaft diameters) s i gnificantly increase the 

depth of soil in which loading pressures are significant . 

Classification Tests 

23. Classification tests help to describe the nature or type of 

soil. The most useful classification tests, as detailed in TM 5-818-1 

and EM 1110-2-1906 (Headquarters , Department of the Army 1961 and 1970) , 

include Atterberg limits, specific gravity, water content, void ratio, 

and grain size distribution. 

24 . The Atterberg limits pr ovide a qualitative measure of the 

attraction of water to the soil particles and have been found to be 

r ela ted t o soil s uct i on (Livneh, Kinsky, and Zaslavsky 1970, Russell 

and Mickle 1971) , volume changes (Snethen, Johnson, and Patrick 1977) 

and shear strength (Wroth and Wood 1978) . 

25 . Water contents and Atterberg limits can be used together t o 

evalua te the liquidity index of the soil (Lambe and Whitman 1969) , a 

meas ure of the relative loss of shear strength on r emolding. Cons truc

tion causes at least some disturbance of t he natural soil s urrounding 

the shaft (e.g ., r elief of lateral pressure , change in water con t ent , 

soil smear at the shaft- soil interface) . So ils with h igher l iquidity 

indices I L = (natural water content - PL) /P I promot e restoration of the 

initial s tresses following installation of the shaft . The soil strength 

r eduction coefficient a (see paragraph 45) may also be directly related 

or pr oportional to IL . 

strength (Wroth and Wood 

IL has also been related t o t he undrained 

1978) as 
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where c is in kilopascals. 
u 

c - 170 
u 

-4.6IL 
e (1) 

26. The grain size distribution, determined from sieve and hydro-

meter analyses , is a useful indicator of relative cohesion and permeabil

ity. Decreasing particle size increases capillarity (i.e., ability to 

raise water above the natural groundwater level) and increases effective 

cohesion c for a given water content. The activity A (PI divided by 

percent 0.002 mm) of the soil (Skempton 1953) can provide a rough measure 

of the contribution of cohesion c to the shear strength T 
s 

c 4A -
T - 4A + 10 

s 

Fine-grained soils also exhibit low permeability. 

Strength Tests 

(2) 

27. The results of strength tests are used to estimate the bearing 

capacity and load-deflection behavior of the shaft foundation . Shear 

strength as a function of depth is needed to evaluate adhesion or skin 

friction of the soil s urrounding the shaft and to evaluate ultimate bear

ing capacity. Young ' s modulus of the supporting soil and of the shaft 

are necessary for predicting load-deflection behavior. In most cases, 

the critical time for bearing capacity is immediately after completion 

of construction (first loading) prior to any significant consolidation 

under the loads carried by the shafts. Either total or effective stress 

analyses can be performed to evaluate bearing capacity . However, total 

stress analyses are preferred because of their relative simplicity as 

discussed below. 

Total stress analysis 

28. Undrained strength tests are used in total stress analysis to 

roughly approximate the drainage and loading conditions that occur in 

the field during first loading. There is little time for drainage in 

the relatively impermeable cohesive soils. Total stress undrained tests 
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are relatively simple; they do not require measurements of pore water 

and lateral pressures and, consequently, are commonly performed . How

ever , obtaining adequate undisturbed soil samples and t r imming them for 

testing can be difficult, especially soil samples of fissured and stiff 

(overconsolidated) clays . 

29 . Some serious limitations are associated with undrained shear 

strengths (Kulhawy, Sangrey , and Clemence 1978) . The undrained st r ength 

is much more variable than the drained strength . The measur ed und r ained 

strength is also much more susceptible to errors in sampling and testing , 

part i cular ly with sens itive and over consol idated clays . Strength 

anisotr opy is also important in evaluat ing undrained strength s uch that 

care should be exer c i sed to apply the correct anisotr opi c st r ength of 

the actual shear s urface . The in si tu shear strength can be lower than 

the laboratory undra ined str ength in moderately t o heavily over consoli

dated clays because negative por e pressur es produced during undrained 

shear may dissipate r apidly in the field due to fissures , other minor 

geologic detail , a nd the failure s urface i tself . Empirical r elat i onships 

such as the a facto r are available for r elating wall adhesion fo r ces 

with the mechanical shear s trength as discussed i n Part IV. 

30 . The mos t common undra ined tests performed on undistur bed 

spec imens are the unconfined compr ess i on (UC), unconsolidated-undrained 

(Q) , and the consolidated-undra ined (R) tes t s . The Q and R tests should 

be performed at confining pressures equal to the in s itu vertical over

burden total stress (O'Neill and Reese 1972, Gardner 1975). The UC 

test tends to underes timate st r ength because sample dis turbance decreases 

the effective stress . The effect of confinement on str ength i s also 

neglec ted. The R test may overestimate strength because it r educes 

sample disturbance and tends to cause smaller water contents on r econsol

idation . The Q test may be the most representative test simply because 

of compensating errors (Lambe and Whitman 1969) . The lower limi t in 

sca tter of the undra ined triaxial test result s (Burland , Butler, and 

Dunican 1966) or mean r esults (O'Neill and Reese 1972) have been used 

when estimating in situ shear str eng th of s tiff, f i ssured clays . The 

lower limit is r ecommended if there is considerable scatter in the test 
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results because fissures and other geologic detail may lead to lower in 

situ strengths than the mean value of laboratory test results. Lower 

strengths are also usually the result of natural fissures in the undis

turbed test specimen and therefore the more appropriate design value . 

Full- size 6-in.-diam by 12-in.-high specimens give more consistent uncon

fined or triaxial compression test results than smaller 1.4- by 3-in. 

specimens. A small percentage of tests may be discarded. A method of 

statistical sample analysis is provided by Harr (1977). 

Effective stress analysis 

31. Effective stresses may also be used to predict short-term 

bearing capacity and load-deflection behavior, but the initial pore 

pressure or reliable estimates of the Skempton pore pressure parameter 

A should be made for the soils adjacent to the shaft. Effective stress 

analysis may be most appropriate for long-term behavior, when reliable 

field data and pore pressures are available from piezometers. Laboratory 

tests to evaluate skin friction resistance may be performed on the 

remolded soil because construction disturbs and remolds soil adjacent to 

the shaft . 

32. The types of laboratory tests needed to perform effective 

stress analysis are the R test with pore pressure measurements and the 

drained (S) direct shear test. These tests can be used to determine the 

adhesion c 
a 

and angle of skin friction between the soil and the 

concrete needed fo r analysis. However, attempts to simulate in situ 

conditions complicate these tests: (a) concrete roughness should simu

late that of the shaft and (b) wet concrete should be placed on the sur

face of the soil specimen and allowed to cure similar to that of the 

shaft . The shear failure plane between concrete and soil occurs in the 

soil about 0 .1 to 0.25 in. from the concrete-soil interface. The angle 

of skin friction between the soil and shaft conc r ete is usually very 

close to the effective angle of internal friction ~ ' of the remolded 

cohesive soil or the residual ~ ' of the undisturbed soil at large 
r 

strain (Vesic 1977) . The adhesion of a remolded cohesive soil should 

be near zero . 
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Swell and Consolidation Tests 

33. The results of swell tests are used to estimate the vertical 

movement of cohesive soils from swell or consolidation. The movements 

may subsequently be used to evaluate uplift or downdrag forces exerted 

on the drilled shaft by the surrounding soils and the resulting move

ments of the shaft. The test data may also be used to determine long

term shaft movement from changes in moisture conditions and load trans

fer in soils surrounding the shaft and in subsoils beneath the base . 

34 . The types of swell tests include consolidation and soil 

suction tests . The standard consolidation test described in EM 1110- 2-

1906 or a modification of this test described by Johnson (1979) may be 

used to estimate both swell and settlement. Consolidometer swell tests 

tend to predict minimal levels of heave, whereas soil suction tests tend 

to over estimate heave compared with field observations (Johnson 1979) . 

These soil suction tests have been found to be easier , simpler , and take 

less time than consolidometer tests . 
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PART IV: DESIGN PROCEDURES 

35 . The drilled shaft f oundation is designed on the bas is of the 

functiona l requirements of the supported s truc ture, conditions at the 

cons truction site, r e sults of field exploration, and res ults o f soil 

tests. The design includes the diameter and length of the drilled 

shaft, diameter of underream if needed, s teel reinforcement, and optimum 

spacing between shafts to maintain structural integrity of the founda

tion and to keep soil deformations within the allowable tolerance. 

36. Deflections that occur when the structural loads are trans

ferred to the soil are the primary concern of the des ign. The struc

tural design (Reese and Allen 1977) which assures adequate strength in 

the shaft to resist the loads is usually not a problem in properly con

structed shafts. Buckling or shear failure rarely occurs in friction 

shafts unless the shaft is subject to lateral soil movement such as from 

downhill creep of surface soil. The design should be conservative if 

soil conditions are erratic or have not been completely determined. This 

part describes the generally more useful procedures for analysis of axial 

and lateral load behavior of single shafts and groups of shafts. An 

evaluation is provided at the end of this part that briefly reviews 

significant aspects of the design of drilled shafts. 

Axial Load Behavior of Single Shafts 

37. Axial loads are resisted by skin friction along the shaft- soil 

interface and by the bearing capacity of subsoil or rock beneath the base. 

The side resistance that is mobilized is a function of the settlement of 

the shaft or relative displacement between the shaft and the adjacent 

soil . An additional downward or upward thrust can be exerted on the 

shaft from consolidating or swelling soil surrounding the shaft, respec

tively. Pullout forces such as from eccentric or wind loads are resisted 

by skin friction of the surrounding soil, self weight of the shaft, and 

the restraining influence of any bell. 
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Axial loading 

38 . Applied axial loads cause a nonlinear settlement of the shaft 

(Figure 3) . Figure 4 illustrates the distribution of load on the shaft 

with depth in clay in which the skin friction transfers load to the 

soil . Side resistance appears to increase with depth in sands and driven 

piles in clay (Wright and Reese 1979) . The full skin friction resis-

tance Q i s mobilized before the full end bearing r esistance Q and 
su bu 

nearly a lways at deflections less than 0 . 5 in. Base resistance Qb 

continues to incr ease until the ultimate capacity Qu develops. The 

ul timate settlement pu at which Qu is at tained varies widely . Many 

definitions have been made for Q , of which the s uggest i on of settle-
u 

ment pu at 10 percent of the shaf t diameter (Terzaghi and Peck 1967), 

based on data from Williams and Colman (1965), i s among the most practi

cal . Vesic (1977) recommends pu at 25 percent of t he diameter for 

drilled shaf ts. 

39 . Underreams allow the shaft to carry more load in end bearing, but 

larger settlements can occur with identical loading pressures because a 

greater volume of subsoil is stressed beneath the base. Shafts with more 

than one underream (under r eams bored at depths between the top and base) may 

significantly (a) increase the bearing capacity compared to a single under

ream at the base and (b) decrease the settlement for a given load (Jain and 

Gupta 1972, Poulos 1968), but multiunderreams are not usually practical. 

Advantages are small compared to the cost of forming and insuring that the 

multiple bells are filled with concrete. Methods described in the follow

ing paragraphs for predicting effects of applied axial loads include limit 

analysis, elastic analysis, transfer function analysis and finite element 

analysis. 

40 . Limit analysis . Limit analysis allows estimates of Qu and 

the safe working load ~ , which is most often taken between one third 

and one half of Qu (i.e., a factor of safety of 3 to 2). Deflections 

at ~ are usually less t han 0 . 5 in. Deflections may also be estimated 

by a simple elastic assumption for soil behavior (see Table 2) . Creep 

is usually insignificant for ~ less than one half of Qw (Tomlinson 

1975, 1977). 

41 . Limit methods use empirical factors valid for local soils and 
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N 
\..11 

Method 

Reese, Touma, and O'Neill (1976) 

O'Neill and Reese (1972) 

Skempton (1959)* 

Whitaker and Cooke (1966)* 

Burland and Cooke (1974)* 

Burland, Butler, and Dunican 
(1966)* 

Tomlinson (1975)* 

* Based on London clay. 

Table 2 

Reduction Factor a for Limit Analysis 

Reduction Factor a Working Load ~ 

Straight shafts: 
Dry or displaced slurry 
Some slurry trapped 
Base on soil stiffer than 

Belled shafts: 
Dry or displaced slurry 
Some slurry trapped 

shaft 

Base on soil stiffer than shaft 

• 0.5 
• 0.3 
.. 0.0 

= 0.3 
- 0.15 
= 0.0 

(allal2al3)a2~; all a 0.65 for cylindrical 

shaft, a12 = a
13 

= 1 - (2.5/L) where L 

is in feet; 

and mud used; 

a = 1· 2 • 

~ = 1 

~ a 0.6 if casing 

for dry conditions 

Fissured, low construction control 
Mean of triaxial test results 
Adequate local experience, load tests 

Same as for Skempton (1959) 

Same as for Skempton (1959) 

- 0.3 
.. 0.45 
c 0.6 

= 0.45 

Q 
+ bu 

3 

Straight: 

Belled: 

Straight shafts 
Belled shafts = 0.3 Lesser of 

Small diameter, long delay 
concrete after drilling 

Firm, stiff clays, f < 1 s-
Very soft to soft clays 

or 

in placing 
= 0.3 

tsf = 0.45 

= 1.0 

Qsu + Qbu 
2 

Qsu 
Qbu 

+-3 

Qsu + Qbu 
2 

Qsu 
Qbu 

+-3 

Comments 

Immediate settlement <1 in. 
Top and bottom 5 ft not 
considered in area A 

f < 1 tsf s-

s 

Shaft 
at 

settlement 

Qsu 

= 0 .005D 
s 

Base settlement = 

DbK(~ - Qsu)/Qbu 
0.005 < K < 0.02. - -Use K = 0.02 for 
conservative design 

Total settlement unlikely 
to exceed 0 . 4 in. 



regions, but often extended to other areas to estimate roughly the behav

ior of shaft foundations for other design cases. The load- settlement 

curve cannot be reliably predicted . Interaction of stresses resulting 

from the skin and end bearing resistance is small (Burland, Butler, and 

Dunican 1966) and assumed negligible such that (Vesic 1977) 

where 

D 
s 

- diameter of shaft, ft 

f 
s 

- average skin friction, tsf 

dL - increment of shaft length, ft 

- ultimate base resistance pressure, tsf 

~ - base area, ft 
2 

(3) 

(4) 

(5) 

Equation 3 may not be realistic in overconsolidated clays since the skin 

friction usually decreases after a certain amount of deflection before 

the ultimate end bearing resistance is reached. This limitation is 

discussed later. 

where 

42. The skin friction i s given by (Vesic 1977) 

c - soil adhesion, tsf 
a 

f - c + Bo ' 
s a v 

8 - lateral earth and friction angle factor 

o ' - effective vertical str ess, tsf v 

(6) 

43. The ultimate base resistance pressure is given by (Vesic 1977) 
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- eN + N o ' 
c q v (7) 

where 

c = soil cohesion (strength intercept) for 3 base diameters 

N N 
c' q 

o ' 
v 

-

-

below bottom of base, tsf 

dimensionless bearing capacity factors for cohesion and 
overburden , respectively 

effective soil vertical pressure at the base of the shaft, 
tsf 

The dimensionless bearing capacity factors are related to each other by 

(Terzaghi and Peck 1967, Vesic 1977) 

N - (N - 1) cot ~ · c q 
(8) 

where ~ · is the effective angle of internal friction . The c and ~ · 

parameter s represent mean values for three diameters beneath the base 

of the shaft . Vesic (1977) suggests that since the N 
q 

factors for 

driven piles in ordinary quartz sands of alluvial and marine origin do 

not exceed those for shallow square footings, a good appr oximate formula 

for N is 
q 

tan ~ ' 2 (, th ') Nq - (1 + tan ~ ' )e tan \45 + 2- (9) 

These values for N and N are shown as a function of ~ · in 
c q 

Figure 5 . 

44. Vesic's N and N factors are conservative with res pect 
c q 

to Meyerhof ' s (1955) factors also shown in Figur e 5 . Meyerhof ' s factors , 

which are similar to Terzaghi ' s factors (1943), assume a full shear sur

face and complete shear failure. In a homogeneous soil , the larger (less 

conservative) bearing capacity factors may not be applicable since the 

shearing stresses in the soil above the base of the shaft may alter the 

assumed shear pattern. The ultimate resistance also does not increase 

with depth in proportion with the depth of the soil beyond a depth of 

four or five shaft diameters . The actual effective vertical pressure 

o ' appears to remain roughly constant for depths gr eater than about 
v 
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15 shaft diameters and depend only on ~· (Terzaghi and Peck 1967). 

Vesic (1977) suggests that the point resistance may well be governed by 

the mean normal effective ground stress o' rather than the effective 
m 

vertical stress and provides equations for using the mean normal stress. 

These equations, however, require the average volumetric strain in the 

plastic stressed zone around the base of the shaft, a quantity apparently 

not easily determined. 

45. The skin friction term of Equation 6 for total stress analy

sis becomes 

where 

f - c - cx.c s a u 

a = reduction factor, mobilized shear resistance/undisturbed 
shear strength 

c - undrained shear strength, tsf 
u 

The ultimate point resistance of Equation 7 becomes 

q = 9c + o ' bu u v 

(10) 

(11) 

The bearing capacity factor 

shaft diameters. The c 

N is nine below a depth of four or five 
c 

u 
is the undrained shear strength within three 

diameters beneath the base of the shaft . Skempton's (1951) values for 

N 
c 

may be used for very shallow or short shafts . The N term in 
q 

Equation 7 is usually ignored to compensate for the weight of the shaft. 

46. The reduction factor a. is a consequence of the reduction in 

soil strength due to soil disturbance and softening (or deterioration) 

and localized dissipation of negative pore water pressure (suction) due 

to sorption of moisture from the setting concrete or from other sources. 

The a. had been proposed to decrease with increasing undrained strength 

(Tomlinson 1957) on the basis of limited data, but (Wright and Reese 

1979) shows that a may be independent of strength and is less than one 

when the mobilized shear resistance is compared with the in situ shear 

strength of the soil adjacent to the shaft following installation. 

Table 2 shows that most methods for estimating a for drilled shafts by 

different investigators are similar and appear to follow that originally 

suggested by Skempton (1959). is negligible near the top due to dis-

turbance and low lateral pressures and also negligible near the base due to 
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mechanical interaction of stresses between the shaft and the base soils 

(O 'Neill and Reese 1972). These effects may be considered by reducing the 

length of the shaft L used in Equation 4 by one shaft diameter below the 

ground surface and one shaft diameter above the base on the underream 

(Reese and Wright 1977). An a of about 0.6 is usually recommended where 

adequate local experience is available, but is reduced to about 0.3 when 

little is known about the soil or an underream is used (Tomlinson 1975). 

a may approach zero if the soil beneath the shaft footing is stiffer 

than the soil adjacent to the shaft or slurry is trapped at the shaft

soil interface (Reese, Touma , and O'Neill 1976). The Reese, Touma, and 

O'Neill (1976) recommendations are the most conservative of the methods 

listed in Table 2. From review of the available data, the 

may be approximated by a simple sine function as follows 

factor 

a =a' 
. z s1n 

1 
n (12) 

where 

a ' - factor for clay consistency (0.4 to 0 .8 for stiff clay , 
0.8 to 1.0 for normally consolidated or soft clay) 

z = depth, ft 

L - shaft length, ft 

The a for driven piles varies between 0.2 and 1.0, but can be greater than 

the a for drilled shafts (a > 0.6) if the depth is longer than 20 D 
s 

and the undrained shear strength is less than 1 tsf (Tomlinson 1977). 

47. Table 2 also illustrates the concept of partial factors of 

safety to determine the working load ~ from the ultimate skin Qsu 

and base Qbu resistances . Reese and Wright (1977) have developed a 

detailed table of partial safety factors to arrive at an overall or con

trol factor of safety. The control factor of safety should be applied 

to the ultimate resistance Qu to determine ~ depending on the rela

tive control or amount of scatter in the information associated with a 

given design parameter. 

48. Effective stress analyses may be preferable because shear is 

confined to a thin zone around the shaft where drainage can take place 

rapidly (Burland 1973, Meyerhof 1976). Construction also disturbs the 

soil adjacent to the shaft. For effective stress analyses, 
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' 

f - So' 
s v 

q - N o ' 
bu q v 

(13) 

(14) 

where o' is the effective vertical overburden pressure disregarding 
v 

any effects from the shaft . The soil adhesion 

assumed as the effective cohesion, is zero for 

c in Equation 6, 
a 

uncemented or remolded 

soil . S is given as a function of the effective friction angle ¢ ' 

and coeffic i ent of lateral pressure K . S is often difficult to deter

mine, particularly for overconsolidated soil . The pore pressure must 

also be known to evaluate effective vertical pressure. 

49 . Table 3 shows that S increases with ¢ ' , par ticularly for 

stiff (overconsolidated) clays . For soft or medium clays, more than 80 

percent of the available field load data indicate S is between 0 . 25 

and 0 . 40 for driven and drilled shafts (Burland 1973, Meyer hof 1976) . A 

compari son of three methods for estimating S in soft clays (Figure 6) 

shows that Meyerhof ' s (1976) method is the most conservative and safest 

for design if field load test data are not available . The Burland (1973) 

and Parry and Swain (1977a) methods a re less conservative and may be 

used if some field load test data are available to confirm the capacity 

predictions. 

50 . A comparison of several methods fo r estimating S of drilled 

shafts in stiff clays (Figure 7) shows that Meyerhof ' s (1976) method is 

too conservative . Chandler (1968) recommends that S should be 0 . 8 for 

conservative deisgn. Hui ' s (1977) method will lead to estimates of S 

less than 0 . 8 for most cases . Esrig et al. (1978) and Chandler ' s (1968) 

methods may be used if reasonable estimates of both K and ¢ ' can 
0 

be made and some field load data or local experience is available to con-

firm the capacity predictions. 

51. Elastic analysis. Elastic analysis improves on limit analy

sis by permitting computat i on of a l inear load-deflection curve . Al

though eiastic analysis is not usually used in design, it is of academic 

interest and may be useful fo r estimating the load-deflection behavior 

within the range of normal working loads Q . The slope of the l inear 
w 
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w 
N 

Method 

Burland (1973) 
Chandler (1968) 

Parry and Swain (1977a) 
Hui (1977) 

Parry and Swain (1977b) 

Hui (1977) 

Meyerhof (1976) 

Flaate and Selnes (1977) 

Janbu (1978) 

Gardner (1977) 

Esrig et al. (1978) 

Table 3 

Lateral Earth and Friction Angle Factor for Limit Analysis 

Lateral Earth and Friction Angle Factor ~ 

(1- sin ~')tan~· ; 0.25 < 8 < 0.40; 8 ~ 0.32 
K tan ~ ; 8 = 0.8 for conservative design 

0 

or tan 4»' sin 4»' cos 4»' 
2 

1 + sin ~· 
2 

1 + tan ~· 

8 sin(~ + r) - -----~~~--~~--~ m esc ~· - cos(~ + r) ' 

tan ~· 

0.75(1- sin ~')tan ~·IocR 

(O. 2L + 4) IocR 
L + 10 

S (o' + c cot ~') v v 

sin ~ sin r • .;:;..;:;;;;.._~ 

sin ~· 

(1 +sin~ )(1- sin~') 
r 

2 
(OCR)mtan ~; 

1 +sin ~· c r u 

(l + 2K ) cos ~· sin p' 
o 3- sin~· 

Comments 

Normally consolidated (NC) clays 
Overconsolidated (OC) clays 

NC clays; failure assumed on the 
soil-shaft interface. ~· • ef
fective soil friction angle 

OC clays, m ~ 1 for NC clays to 
m = 2.5 for overconsolidation 
ratio (OCR) of 12. Assumed 
failure not on soil-shaft in
terface. ~ = soil-shaft fric
tion angle 

OC clays; failure assumed on a 
horizontal surface 

L = shaft length, ft 

o ' = effective vertical over
v burden pressure. Skin friction 

number S found from charts 
v 

-0 12 
m = 0.58(PI) • ; ~· = remolded 

residual) effectiverfriction 
angle; PI z plasticity index; 
c = undrained strength 

u 

K found from a chart of curves 
0 
as a function of ~· , PI, and 
OCR 
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load-deflection curve is based on the knowledge of two elastic constants, 

Young's modulus E and Poisson's ratio v which are determined from 
s 

undrained soil tests (assuming short-term behavior). Other variables 

such as state of stress, stress history, and overconsolidation ratio 

(OCR) are ignored. Table 4 illustrates some methods of elastic analysis. 

52. Elastic analysis is based on the work of Boussinesq (1885) 

and Mindlin (1936) for estimation of the vertical stress distribution in 

soils. The elastic soil medium is assumed semi-infinite, homogeneous, 

and isotropic. The effect of load transmitted above and below the point 

of transfer is considered by Mindlin ' s equations as well as the influence 

of load transmitted from the shaft to the surrounding soil on settlement 

of soil beneath the base . The Poulos method (Poulos and Mattes 1969, 

Mattes and Poulos 1969, Poulos 1972, Poulos and Davis 1974) is a recent 

and relatively complete analysis developed from solution of Mindlin's 

equations . This is the only method is Table 4 adapted to the solution 

of the complete load- deflection curve . 

53 . The Poulos method extends Mindlin ' s solution to compress ible 

shafts, relative stiffness between surrounding soil and bearing stratum, 

finite depth of bearing stratum, fraction of load carried by the base f , 

and consolidation settlement . The so il modulus is assumed the same in 

tension and compression , and the shaft does not affect the distribution 

of str ess in the soil mass . The results of this analysis indicate that 

the load- deflection behavior is influenced significantly by the length/ 

diameter ratio of the shaft , ratio of shaft to base diameter, relative 

compressibility of the shaft and soil, and r elative compressibility of 

soil above and below the base. The Poulos method allows computat ion of 

a trilinear load- deflection curve (Figure 8) by s uperposition of the 

shaft and base resistances. Charts are ava i lable fo r some standard 

designs. 

54 . Banerjee and Davies (1978) extended the Poulos solution to 

nonhomogeneous soil by assuming that the soil modulus increases linearly 

with depth. An elastic modulus increasing linearly with depth may be 

appropriate for soft, normally consolidated clays, while a constant modu

lus may be appropriate fo r stiff, overconsolidated clays (Tomlinson 1977). 
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Method 

Nair (1967) 

Geddes (1969) 

Roy and Singh (1975) 

w 
Ln 

Poulos and Mattes (1969), 
Mattes and Poulos (1969), 
Poulos (1972), and Poulos 
and Davis (1974) 

Bane rjee and Davies (1978) 

Randolph and Wro th (1978) 

Table 4 

Elastic Analysis 

Equations 

pi = f(
1 v) ___Q_ where r ' E r 

s 
P. i - deflection, in. 

L = shaft length, ft 
(incompressible pile) 

r = shaft radius, ft 

a zz 

a zz 

pi -

- k 

I 

where 

g_ 
zz 12 

Q where E D s s 

\1 = Poisson's ratio 

E - soil modulus, tsf 
s 

a = vertical stress, tsf at a point in 
zz the soil 

I = Il~~ 

I = 1 
eb Ec) 

f Es • Es 

Rk = p/pi (compressible pile) 

settlement reduction factor for finite 
depth of soil correction 

E =Young's modulus of concrete, tsf 
c 

for v = 0. 5 

(
L Ec) ___Q_ P - f o- , C: G 1 wher e Gs - shear modulus, tsf 

s s s 

Comments 

Adopts Mindlin' s solution to cylindrical 
rigid s haft. Soil adjacent t o the shaf t 
adheres to the s haft and moves with the 
shaft. Charts available for analysis 

Extends Boussinesq solution to load trans
ferred by skin friction neglecting over-
burden. k values given f or uniform and 
linearly v~fying skin friction 

Extends Boussinesq solution to load trans
ferred by skin friction accounting for 
shaft length and diameter and discontinu
ity in elastic medium due to shaft. 
Neglects radial stress. k values given zz 

Extends Mindlin' s solution to compressible, 
floating shaft and r elative s tiffness be
tween the shaft, adjacent soil , and bear
ing stratum. Poisson' s ratio of bearing 
st ratum assumed equal to that of soil 
adjacent to shaft 

Extends Mindlin' s solution t o nonhomogeneous 
soi l assuming soil modul us increases 
linearly with depth. Charts available for 
stra ight and underreamed shafts 

Approximate, c l osed-form equation developed 
assuming shearing of concentric cylinders 
and punching shear at the base 
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skin friction load, tons 
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load, tons 

Qb - end bearing load, tons 

- ultimate end bearing 
load, tons 

I - influence factor 

ps - settlement of shaft due 
to load carried by shaft 

Qb + (Q 
f b 

Qsu~) L 
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f L fraction load carried by 

end bearing 

I 
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s s 
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1 - f 

pb - settlement of shaft due 
to load carried in end 
bearing 
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1 - f ' 

I 
E D 

s s 

E - soil modulus, tsf 
s 

E - Young's modulus of 
c concrete, tsf 

~ - area of base, ft 
2 

Figure 8. The Poulos method of determining load-settlement behavior 
of drilled shafts (Poulos 1972) 
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Randolph and Wroth (1978) developed an approximate closed-form equation 

using the shear modulus Gs and assuming displacement occurs by shear. 

The closed-form equation allows hand calculation without need of a com

puter as required by solutions using elastic analysis. Both the Poulos 

method and the Randolph and Wroth method have been checked with results 

of very limited field load tests and found to provide reasonable corre

lation between theoretical and measured behavior within normal working 

loads. 

55. Transfer function analysis. Load transfer functions allow 

computation of nonlinear load-deflection behavior up to the ultimate 

bearing capacity . The distribution of load along the shaft is defined 

by (Seed and Reese 1957) 

-

where 

TID 
s 

E A 
c s 

(15) 

Sfps - shear resistance at depth 

p - shaft movement at depth 
s 

z , tsf 

z , in. 

E 
c 

A 
s 

Equation 15 

resistance 

-Young's modulus of the shaft, tsf 

- cross-sectional area of the shaft, ft 2 

must be solved incrementally since the mobilized shear 

Sf/ps depends on movement of the shaft. Sf defines the 

shape of the load transfer function. Heterogeneous soils may be accom

modated by using a different transfer function for each type of soil . 

Most transfer functions ignore the effect of load transmitted to soil 

above and below the point of transfer; however, this influence may be 

small (Reese and Allen 1977). 

56. Figure 9 illustrates some load transfer functions. Other 

analytical transfer functions are given in Table 5. The simple Reese, 

Hudson, and Vijayvergiya (1969) function in Table 5 is also plotted in 

Figure 9a. The Holloway, Clough, and Vesic (1975) function based on the 

Duncan and Chang (1970) hyperbolic soil model was derived from results 
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Table 5 

Transfer Functions for Shaft Resistance 

Method Equations Definitions of Terms 

Kezdi (1957) [ ( -kp/ (p i - p)J K - coefficient of lateral pressure 
f K yz tan cp ' 1- e Y 0 -

s 0 unit weight of soil, tons/ft 
3 y -

z = depth of soil, ft 

k - dimensionless function of slope of 
curve f = f( p) at the origin 

s 

p settlement at full mobilization, • - l.n. yi 

p - settlement at depth z 

cp ' - effective friction angle 
w 
\0 

Reese, Hudson, and ~-_£__ K - load transfer factor (1 for some f - K Vijayvergiya (1969) s Po Po stiff clays) 

Holloway, Clough, TRf 2 KIS ' 
n 

' 
and Rf are factors of the 

and Vesic (1975) f - p 
s T hyperbolic formulation 

s 
p - atmospheric pressure, tsf 

a 

T = shear stress at movement p 
' 

tsf 

T - shear strength, tsf 
s 

03 - lateral confining pressure, t sf 
2E p 

Williams and Colman f s E Young's modulus of soil, ts f - -
(1965) s k D s s s 

k - constant 
s 

(1.75 < k 
s 

< 5) 

D - shaft diameter, ft 
s 



of finite element analysis and therefore includes effects of load trans

mitted to so il above and below the poin t of transfer . None of the ana

lytical expressions adequately represent the strain softening observed 

in stiff clays (Figure 9a) . 

57. Strain softening indicated in the transfer function curve for 

stiff clay (Figure 9a) is based on results of laboratory tests. If the 

applied load ~ is such as to cause the ultimate shaft resistance Q 
su 

to be mobilized, then any additional long-term settlement such as from 

creep or consolidation of the end bearing stratum may r educe the ulti

mate shaft resistance. The lost resistance (load shedding) is expected 

to be taken up by the end bearing stratum resulting in some additional 

settlement . This r eadjustment in the distribution of loads and addi

tional settlement may continue fo r many years . Therefore , limit analy

sis using Equation 3 may overestimate the ultimate capacity of stiff 

clays since the peak capacity of the skin resistance occurs at a smaller 

deflection than that of the base r esistance and subsequently decreases . 

Very little information is available documenting s uch long-term field 

performance of drilled shafts . Wooley and Reese (1974) found that load 

shedding was insignificant for a shaft in over consolidated clay of 

Houston, Tex ., for applied loads less than one third of the ultimate 

Q . 
u 

capacity 

58. Reese (1964) developed a computer program to solve Equation 15 

by finite difference approximation. Any shape of the transfer f unction 

can be input into the program. An updated version PX4C3, of the program, 

is available (Radhakrishnan and Parker 1975) which permits individual 

transfer functions for each type of soil . 

59 . Vijayvergiya (1977) developed the transfer function for base 

resistance-deflection behavior 

(16) 

where the ultimate set tlement P may be taken as a percent of the bu 
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bas e diame t e r (4 to 6 percent) and qbu equals 

60 . An analy tica l express i on fo r the mean 

9c . 
u 

base r es i stance-

deflection behavior from data pr ovided by Reese and Wright (1977) (see 

their Figure 8.8) is 

where 

2/ 3 

(17a ) 

(17b) 

Db - base diameter, in. 

- strain at one half maximum compressive strength (deviator 
stress) of clay in an undrained triaxial test, percent 

Some values for e: 50 of undisturbed samples provided by Skempton (1951) 

are 

Clay Consistency £50 
' 

percent 

soft 2.0 

medium 1.0 

stiff 0.7 

hard 0.5 

Comparison of results from Equations 16 and 17 shown in Figure 10 indi

cates that the Vijayvergiya relationship is likely to be too steep and 

allow too much end bearing at small deflec tions for most clays. A larger 

exponent in Equation 16 such as 1/2 or 2/3 may be more appropriate . 

61. Williams and Colman (1965) developed a base transfer function 

(18) 
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where 

Esb -Young 's modulus of soil beneath the base, tsf 

Db - base diameter, ft 
-1 kb - constant (1 2 ~ 2 5) from available data, ft 

The exponent of the base deflection pb is identical with that provided 

by the mean of the Reese and Wright (1977) data (Equation 17). Assuming 

that is 9c and E 
u s is about lOOc , but no larger than 

u 
lOOOc , the 

u 
ultimate base deflection will vary between 1 and 10 percent 

of Ds for kb between 1 and 5, respectively. These assumptions will 

cause the base transfer function of Equation 18 to overlap that for clays 

of hard to soft consistency (Figure 10). 

E 
s is shown later (paragraph 84) to match 

modulus for soils of sever al test sites . 

STIFF 
Pbu = 0.014Db-t--.._i 

HARD 
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Figure 10 . Comparison of base load transfer relationships 
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62 . Finite element analysis . The finite element method can over

come disadvantages of the previous methods , but i t is limited by the 

accuracy of const i tutive r elationships , ava i lab i l i ty of detailed labor a

t or y t es t data , and the current sta t e of knowledge on the behavi or of 

s oil a nd so i l - structure inter act i on ef f ec t s . Appl i cati on of t hi s me t hod 

has been s implified f or rela tively s imple geometric and boundary condi

tions by inte r active gra phic t echniques a nd mes h generation s ubr outines . 

Trained personnel, however, are required to us e the method, and res ult s 

have no t bee n adequately eval uated a nd c ompared with field performance 

to a s s ure reliability f or pra ctical design ca s es. 

63. Ellison, D'Appolonia , and Thiers (1971), Desai (1974), and 

Holloway , Clough, and Vesic (1975 ) have developed finite element pro

grams to analyze singl e deep s hafts. The Ellison program us es a tri

linear stress-strain curve, while the Desai and Holloway, Clough, and 

Vesic programs use the hyperbolic s tress-strain model developed by 

Duncan and Chang (1970). These simple constitutive relationships do not 

consider the dilative, compres sive, or s train softening nature o f soil. 

Downdrag loads 
from consolidating soil 

64. Shaft foundations in compressible cohesive soils can be sub

ject to additional downdrag forces or negative skin friction caused by 

downward movement of soil relative to the shaft such as from consolida-

tion of the surrounding soil. Consolidation can occur from surcharge 

effects of overlying fill, lowering of the groundwater level, remolding 

and reconsolidating s oil during and following construction (primarily a 

problem with driven shafts), and surcharge from nearby shallow footings 

of newer structures (Harrington 1977). Consolidation of fills in which 

shafts are placed al so contributes to downdrag loads. Consolidation can 

be especially damaging to battered s hafts apparently because bending is 

aggravated from unbalanced forces and movement of soil away from the 

lower side of the shaft. Downdrag of drilled shafts in stiff c lays is 

usually small or negligible because the magnitude of compression is small 

and tends to occur very slowly (Tomlinson 1975). 

65. It should be noted that the sampling and testing techniques 
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tend to result in lower shear strengths and greater consolidation . These 

factors provide an unknown and unaccounted factor of safety with respect 

to bearing capacity analysis. However, the opposite is true with respect 

to computation of downdrag and heave effects such that downdrag loads 

and heave may be underestimated . 

66 . Negative skin friction . Negative skin friction 

soil- shaft interface t r ansfers load Qn to the shaft 

nD 
s 

f at the 
n 

(19) 

where L is the thickness of soil down to the neutral point . Figure 11 
n 

, r 

·~ 

Ln 

' 

j I' 

Ow 

Q 

:r 
1-
n. 
w 
Q 

(!) f z n 
en 
<t 
w 
a: 
(.) 

z -

0 + 0 Ow <lt, 
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b 

Figure 11 . Distribution of load from negative 
skin friction 
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indicates that f 
n 

has a maximum value at the upper portion of the shaft 

and becomes zero at the neutral point where no relative movement exists 

between the soil and the shaft. 

67. The neutral point is the location of the maximum accumulated 

downdrag force. Positive skin friction occurs below the neutral point 

where the shaft moves down relative to the soil (Long and Healy 1974, 

Lambe, Garlanger, and Leifer 1974). The neutral point was located at 

a depth from two thirds to three fourths of the shaft length for shafts 

bearing on some compressible elastic soils (Ng, Karasudhi, and Lee 1976, 

Ito and Matsui 1976). Shafts bearing on increasingly stiff or rigid s ub

stratums such as hard shale or rock cause the neutral point and maximum 

downdrag force to shift closer to the base of the shaft. The length to 

the neutral point L may be taken as the full depth of the consolidat-
n 

ing soil or the length of the shaft. L taken equal to the shaft length 
n 

tends to provide conservative estimates or overestimates of the downdrag 

force. Some trial and error hand procedures for calculating the neutral 

point have been developed (Long and Healy 1974, Silva 1965). 

68. The magnitude of f depends on the relative settlement of 
n 

the soil with respect to the shaft and increases with increasing effec-

tive stress up to the shear strength of the soil (Horvat and Van Der 

Veen 1977, Harrington 1977, Lambe, Garlanger, and Leifer 1974). Other 

factors that influence f include stress history, mobilization of 
n 

shear resistance at the soil-shaft interface, distribution of surcharge 

on the soil causing consolidation, stiffness of the bearing stratum, 

shaft compressibility, and method of installation (Kaniraj and 

Ranganatham 1977). Skin friction from downdrag appears to be somewhat 

less than that for positive skin friction; this is attributed to part of 

the soil weight being carried by the shaft. 

69. A relatively small settlement is needed to mobilize the nega

tive skin resistance; e.g., 70 percent of the maximum shear strength was 

mobilized in one case after a relative settlement between shaft and soil 

of 10 rnm (Horvat and VanDerVeen 1977). 

creased substantially after consolidation 

For a Russian case , f de
n 

stopped (Bakholdin and Berman 

1974). No explanation was offered; however, negative skin friction will 

45 



diminish if long-term settlement of the shaft or another field condition 

causes the shaft to move down relative to the soil. 

70. Methods of analysis. Table 6 illustrates several limit and 

elastic methods for modeling the load behavior from negative skin fric

tion. These methods are applicable to any type of shaft. The elastic 

methods are very similar to those described in Table 4 but are extended 

to soil consolidating adjacent to the shaft. Solutions of elastic meth

ods are again limited to soil conditions provided in charts. 

71. Long and Healy (1974) found that the Terzaghi and Peck (1967) 

and Garlanger (Lambe, Garlanger, and Leifer 1974) procedures were the 

most reasonable and straightforward of nine limit procedures for calcu

lating the maximum f 
n 

or maximum downdrag force . The Terzaghi and 

Peck method considers group action, while the remaining methods are 

applicable to single shafts with spacing/diameter ratios greater than 

four to eight. The Terzaghi and Peck method may provide larger estimates 

of downdrag force because a reduction factor is not used. However, 

omission of the reduction factor may tend to balance unconservative 

estimates of downdrag due to sampling and testing (paragraph 65). Down

drag for a group will usually be less than that for the same number of 

isolated shafts because of additional restraint to soil movement pro

vided by the surrounding shafts . Garlanger ' s S for single shafts in 

clay is slightly less than that proposed by Chandler (1968) and Burland 

(1973) for positive skin friction to account for part of the soil weight 

hanging up or being carried on the shaft . Silva (1965) also developed 

a method using transfer functions for estimating load-deflection 

behavior. 

the 

72 . The f 
n 

can cause considerable downdrag force in addition t o 

applied axial load and may lead to excessive settlement or even bear-

ing capacity failure (Lambe, Garlanger, and Leifer 1974). Structural 

failure of the concr ete shaft is also possible, par ticularly for shafts 

bearing on hard shale or rock. Methods for reducing f on the upper 
n 

portion of drilled shafts include casting in polyethylene , PVC , or 

bitumen-coated sleeves . Methods (Walker and Darvall 1973, Baligh and 

Vivatrat 1976) have been developed for estimating downdrag loads for 
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Method 

Limit 

Harrington (1977) 

Garlanger (Lambe, 
Garlanger, and 
Leifer 1974) 

Horvat and Van 
Der Veen (1977) 

Terzaghi and Peck 
(1967) 

Elastic 

Ng, Karasudhi, 
and Lee (1976) 

Poulos and Davis 
(1974, 1975) 

Kaniraj and 
Ranganathem 
(1977) 

Table 6 

Methods for Modeling Downdrag from Consolidating Soil 

Equations 

f = eo' e = (1- sin ~·) tan~· n v' '~' 'f 

f - eo' , e .. eo n v 

e 

0.20-0.25 
0.25-0.35 
0.35-0.50 

f • c + K tan¢~' 
n a 

Q -u 

K tan q,' 

Soil 

Clay 
Silt 
Sand 

Load and settlement given as 
tion of time, depth, c , 
and E /E v 

c s 

a func
L/D , 

c .. coefficient of consolidation 
v 
L • length of shaft 
D • diameter of shaft 

E • modulus of shaft 
c 

E • modulus of soil 
s 

Q • I E p L n s o 

Load and settlement given as a func
tion of C , soil surcharge, and 

c 
depth. C = compression index 

c 
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Definitions of Terms/Comments 

Qsu • ultimate shaft resistance for 
positive skin friction 

Qns .. ultimate shaft resistance for 
negative skin friction 

Qbu .. ultimate end bearing resistance 

~ .. working load 

FS • factor of safety 

e is back-figured from field test 
results 

e .. 
0 

reduction factor to 
part of soil weight 
shaft 

account for 
carried by 

K • coefficient of lateral earth 
pressure 

K • 1.0 to 1.5 

Accounts for group behavior 

B • perimeter of group 

H • thickness of consolidating 
layer 

H • 
f 

thickness of fill 

f • average shear strength of con
n solidating soil 

A • area enclosed by outer perimeter 
of group 

Yf • unit weight of fill 

n • number of shafts in group 

Models circular, elastic rod embedded 
in homogeneous soil underlain by 
ideal elastic substratum of finite 
depth; uses one- dimensional Terzag
hi consolidation theory. Charts 
available for standard designs 

Charts available for standard designs 

I = influence coefficients; func-
n tion of c , E /E , and time 

v c s 

p • soil settlement at the surface 
0 

Shear strength increases linearly with 
depth for a rigid bearing stratum 
and rigid shaft 



bitumen-coated shafts using results from laboratory shear tests. 

Pullout loads 

73. Foundations of some structures such as towers, tall buildings, 

and drilling platforms are subjected to uplift or pullout forces from 

tensile (upward), eccentric , or wind loads . The effect of these forces 

on the performance of the structure may be very significant and should 

also be considered for proper design. Results from sever al field and 

laboratory studies have shown that the pullout resistance of plate 

anchors Qr can be appr oximated in cohesive soils , negl ecting suction, 

using (Meyerhof and Adams 1968, Davie and Sutherland 1977) 

where 

- (c F + yL)A 
u c p 

c - undra ined shear strength, t sf 
u 

F - pullout r esistance factor 
c 
y - unit weight of soil , tons/ft3 

L - embedment depth of the anchor, ft 

A -
p 

c r oss- sectional a rea of the plate, ft 2 

(20) 

Rapidly applied pullout forces can cause s i gnificant added restraint from 

s uc tion (Beard and Lee 1975). 

74. The pullout r esistance factor F 
c 

N 
c 

for deep 

was found to be similar 

foundations under compres-to the bearing capacity factor 

sive loading (Kulhawy, Sangrey, and Clemence 1978) 

2 L < F < 4 L < 9 
D - c D -

where D i s the diameter or width of the pla te. 

about nine or equivalent to N . 
c 

are usually much more significant 

The terms 

than the yL 

c 
u 

The maximum F 
c 

(21) 

• 
l.S 

and F 
c 

in Equation 20 

term. Equations 20 

and 21 are also applicable to underreamed drilled shafts. Ismael and 

Klym (1978) showed that no load transfer occurred along the shaft-soil 

interface during a pullout test of a 17-ft- long, 5-ft-diam shaft with 

a 10-ft-diam bell. 
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75. The pullout res i s t a nce o f a cyl i ndrical s ha ft wi t h no under

ream in cohesive soil may be given by (Toml inson 1977, Mey er hof a nd 

Adams 1968) 

where 

L 

TID 
s f f dL + L ~ D2 

s Yc 4 s 
0 

- ac , or pullout skin resistanc e, 
u 3 

- unit weight of concrete , tons/ft 

tsf 

(22) 

Ismael and Klym (1978) showed that significant load wa s transferred to 

the soil during a pullout tes t on a 38- ft - long, 5-ft-diam drilled shaft 

leading to an a of 0 . 64, which is in the range of a determined for 

normal loading as well as uplift thrust from swelling soils (para-

graph 76). Fi gure 12 illustrates the dis tribution of load on a straight 

shaft from a pullout force . Comparison of Equations 20 and 22 shows 

t hat the underreamed shaft with shaft diameter Ds (Db > Ds) tends t o 

have greater pullout r esistance than a straight shaft of the same diam

eter Ds (Db = Ps) provided that the L/Ds ratio i s less than five . 

76. The drained or long-term pullout capac i ty in clay can be 

appreciably less than the undrained or short- term capacity , if so i l 

wetting occurs dissipat ing suct i on and softening the soil . A cyclic 

pulling fo r ce s uch as f r om winds may lead to progressive (cumulative) 

uplift movement (Kulhawy, Sangrey, and Clemence 1978) . Uplift produces 

a local decrease in the mean normal stress in some of the soil sur r ound-

ing the anchor . The combination of the cyclic shear and cyclic decrease 

in the mean normal str ess appear s especially sever e f r om available data. 

Sensitive cohesive soils can also experience major strength loss during 

cyclic loading, thus reducing pullout capacity. 

Uplift loads f r om swelling soil 

77. Shaft foundations are subjec t to upl ift forces if the sur

r ounding cohesive so i l should swell and move up r elative to the shaft . 

Swelling can occur in some soils if surface moi sture seeps into soil 
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SK IN FR ICTION f 
0 

FORCE 0 

Figure 12. Distribution of load from a pullout 
force on a straight shaft 

+ 

adjacent to the shaft . Moisture may also seep into soil below the base 

of the shaft, perhaps by migration down the soil-shaft interface or from 

a subsurface acquifer disrupted by construction . In swelling soils, 

this will contribute to the upward displacement of the shaft . The bear

ing capacity of most soils will be reduced if moisture seeps into soil 

beneath the shaft . 

78 . The uplift force can cause a net tension stress in the shaft 

and may cause it to fracture if not adequately reinforced . The shaft may 

also be uplifted if forces restraining upward movement are exceeded . 

The maximum upward thrust Qsu (Figure 13) is given by 

TID 
s 

50 

L 
n 

J 
0 

f dL 
s 

(23) 



,. 

I \ 

where L 
n 

the shaft. 

0 + 

SKIN FRICTION f 

f 
$ 

0 

FORCE 0 

Figure 13. Distribution of load from upward 
thrust of swelling soil 

is the thickness of the swelling layer moving up relative to 

The skin friction f 
s 

is similar to that in Equation 10 

+ 

or 13 . The reduction factor a. in Equation 10 for upward thrust var1es 

between 0.3 and 0.8, while S in Equation 13 is given as K tan~ ' 

where K varies between 1 . 0 and 2 . 0 (Donaldson 1967, Poulos and Davis 

1973, Collins 1953) . The skin friction that develops depends on the 

relative displacement between the soil and shaf t and consequently i s a 

function of the change in effective stress or reduction in swelling pres

sure that results from expansion of the surrounding soil. 

79. One proposed equation for the force Qr restraining the up

ward thrust is given by 
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where 

nD 
s 

L 

J 
L-L n 

f dL + c N ~ (D
2 

- D
2

) + Q n u c 4 b s w 
(24) 

f - skin friction in soil moving down relative to the shaft, tsf 
n 

c - average undrained shear strength of soil in the vicinity of 
u the base or bell, tsf 

~ - dead structural load including weight of the shaft, tons 

McAnally (1973) recommended that the bearing capacity factor N 
c 

should be seven for restraining uplift rather than nine as commonly used 

for deep foundations . The shaft will be displaced upward if the uplift 

force developed exceeds the total restraining force Q . 
r 

Alter-

natively, the restraining force may be analogous to the pullout resis

tance Equation 20 or 22 plus ~ (except that ~ should not include 

the shaft weight) . 

80. The force diagram (Figure 13) indicates the neutral point n 

where the tension force on the shaft is maximum. The tension force de

creases to zero at the base, although a significant tension load may 

occur at the intersection of the top of the enlarged base with the shaft. 

The maximum tension tends to increase if the shaft length or diameter of 

the underream increases such that the upward movement of the shaft is 

reduced (Poulos and Davis 1973). Conventional analyses (Collins 1953, 

Donaldson 1967, Johnson 1979) indicate that the axial load ~ should 

be equal to the ultimate upward thrust Q to assure full suppression 
su 

of any tension and upward movement, while Poulos and Davis (1973) calcu

lated that an applied force equal to about one half of Qsu is adequate 

to suppress upward movement. 

81. Table 7 illustrates several approximate methods for predict

ing the maximum tension load and upward movement as an aid to the design 

of drilled shafts in swelling soil. The methods of McAnally (1973), 

Poulos and Davis (1973), and Johnson (1979) provide estimates of maximum 

tension force and shaft movement for given shaft and base diameters and 

soil conditions, while the other methods provide estimates of the maximum 
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Method 

McAnally (1973) 

Poulos and Davis (1973) 

Johnson (1979) 

Collins (1953) 

Komornik and Zeitlen 
(1973) 

Table 7 

Methods for Modeling Uplift from Swelling Soil 

Eg,uations 

Qsu and llp - functions of D , Db " c , and 
s a m 

v 

llp - differential movement between 
shafts 

m - coefficient of volume change v 

Qsu and p = functions of soil heave, E , L , 
s 

D , and Db s 

Shaft movement will not occur for lengths of: 

L 2X 
Db 2.5 

for 1.5 - 1.42 0 D = a s s 

Db 3 
L - 2X 1.76 0 for D = 3 ft a s s 

X - active depth for soil heave, a 
Percent steel reinforcement: 

A s 

Lc 
= 0. 0094 ----=-a + 

D 
s 

L 

2 
0.00275 L 

(c + K tan ~')dL - 1TD 
s 

0 

K tan p' 
D s 

ft 

ft 

~ 
0.03 2 

D 
s 

Comments 

Differential movement relatively insensitive 
to changes in shaft diameter for any given 
Db/Ds ratio but will increase for increase 

in Db/D
9 

for any given Ds • Charts 

available for standard designs 

Linear elastic model based on Mindl1n's 
equations. Approximate allowance for vari
ation of soil modulus. Considers slippage 
between shaft and soil. Charta available 
for standard designs and soil conditions 

Approximate model based on dissipation of 
swell pressures. Slippage occurs between 
shaft and soil if swell pressure exceeds 
shear strength. Considers heterogeneous 
soils. Computes maximum tension C as-

su 
suming shaft does not move. Provides upper 
limit to shaft movement. Computer program 
documented 

Graphical hand analysis for estimating Qsu 

from shaft diameter and length. Assumes 
Q equivalent to the shear strength times 
su 

the perimeter area 

Graphical hand analysis for esti mating Qsu 

and swell pressure based on laboratory 
shear and swell pressure studies 



tension force. The McAnally method can also provide an estimate of 

differential movement between shafts. The Poulos and Davis method is 

based on an elastic solution to Mindlin's equations for a known upward 

soil displacement. The above methods indicate that shaft movement may 

best be minimized by constructing a straight shaf t with length twice the 

depth of the swelling soil or an enlarged base of sufficient diameter 

placed at a depth just below or at the bottom of the swelling soil 

stratum. The enlarged base is limited to so i ls that will hold the en

largement (will not cave) until the concrete is poured. 

Lateral Load Behavior of Single Shafts 

82 . Drilled shaft foundations are often s ub ject to lateral load

ing forces from winds on the superstructure, centripetal forces of vehi

cles moving over curved bridges or water flowing around supporting 

columns of bridges . Methods for determining the lateral load-deflection 

behavior of drilled shafts are based on solutions of the elastic beam 

column differential equation (Hetenyi 1946) 

• 
where 

E I 
c 

4 
d y + Q 
dz

4 
d

2 
y 

dz
2 

p - -E y 
s 

- p - 0 

E - elastic modulus of the shaft, tsf 
c 
I - moment of inertia of the shaft section, ft

4 

Q - axial load, tons 

p - soil reaction per unit length, tons/ft 

y - lateral deflection, ft 

z = depth along shaft , ft 

E -
s 

soil modulus of shaft reaction, tsf 

(25) 

(26) 

No differentiation i s made herein between the soil modulus of (lateral) 

shaft reaction and the (vertical) secant modulus found from results of 

triaxial undrained strength tests, for the purpose of simplifying 
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analyses . Differences may exist between these moduli, particularly in 

anisotropic soil, but the significance on shaft behavior is not 

well-documented . 

83 . Solutions of Equation 25 show that deflection and rotation of 

the shaft from lateral loads increase as the flexibility or L/D ratio 
s 

increases and the elastic soil modulus decreases (Poulos 1971) . Under-

reams appear to have very little effect on lateral resis tance (Bhushan, 

Haley, and Fong 1978), except for extremely short shafts with bells. 

Costs can also be minimized by designing uniformly dimensioned shafts 

with larger diameters and shorter lengths (Farmer et al. 1978). 

Soil modulus of reaction 

84. The soil modulus of reaction E 
s 

may be given in terms of 

the coefficient of horizontal subgrade reaction 

(27) 

where D is the shaft diameter . Terzaghi (1955) proposed for stiff 
s 

clays 

ksl 
1 . 5D 

s 
(28) 

where ksl is the coefficient of subgrade reaction for a 1-ft-square 

plate . ksl was proposed to vary as shown in Table 8 for overconsoli

dated clay depending on consistency. According to these criteria and 

Table 8 

Coefficients of Subgrade Reaction ksl Proposed by Terzaghi (1955) 

Clay Consistency Stiff Very Stiff Hard 

c tsf 1- 2 2-4 >4 u , 
3 

ksl ' tons/ft 50-100 100-200 >200 
3 Proposed ksl ' tons/ft 75 150 300 

E tsf 50 100 200 
s 

, 
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Equations 27 and 28, 

shear strength . 

E is about 34c , where c 1s the undrained 
s u u 

85 . Davisson (1970) proposed that 

while Banerjee and Davies (1978) proposed 

100 and 180c . 
u 

Ottaviani and Marchetti 

E 
s 

that 

should be about 

E should vary 
s 

(1979) found that the 

67c , 
u 

between 

labora-

tory E 
s 

was about lSOc 
u 

but that the field E was about lOOOc 
s u 

or 7 times the laboratory E . McClelland and 
s 

Focht (1956) found that 

the field E 
s 

was about 11 times the secant modulus from results of 

laboratory triaxial CU tests confined at a lateral pressure of yz , 

where y is the unit wet soil weight. 

86. A comparison of modulus of subgrade reaction values predicted 

by the methods of Terzaghi, Davisson, and Banerjee and Davies is shown 

in Table 9 for laboratory data given by Bhushan, Haley, and Fong (1978). 

Table 9 

Comparison of Soil Modulus of Subgrade Reaction 

Predicted E 
Laboratory 

E * s 

s ' 
tsf 

Banerjee Average Undrained Soil Modulus Terzaghi Davisson and Davies Strength tsf E tsf Site c , , 
(1955) (1970) (1978) u s 

A 2 .75 292 94 184 275- 495 

B 2.37 330 81 159 237- 427 

c 2 . 30 255 78 154 230- 414 

E 5.00 1000 170 335 500-900 

* Laboratory data taken from Bhushan, Haley, and Fong (1978) . 

The laboratory 

divided by Eso 
E 

s 
determined from the average undrained strength c 

u 
(strain at 1/2 of the maximum deviator stress) is also 

shown in Table 9. This comparison shows that the Banerjee and Davies 

proposal for E (100 to 180c ) bounds or is within close range of the 
s u 

laboratory Young's soil modulus. The Terzaghi and Davisson proposals 

for E appear excessively conservative. s 
Solution of the beam column equation 

87 . The solution of Equation 25 depends on whether the shaft is 
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restrained or free to move at the top and whether the shaft is rigid 

(short and f r ee to move at the bottom) or flexible (long and pi nned at 

the bottom) . Rigid analys i s , which is simpler than flexible analysis 

when using hand calculation methods , is applicable for 

(Woodward, Gardner, and Greer 1972, Kasch et al . 1977). 

L/D < 6 s-
Broms (1964) 

and I smael and Klym (1978) observed that SL should be less than 1 . 5 

for rigid analys i s wher e 

s -
4 khDs 

4E I 
c 

(29) 

assuming kh i s cons tan t . SL for flexible shafts should be greater 

than 2 . 5 . The point of rotation for a rigid shaft is about two thirds 

of the embedment depth and moves down to at most t hr ee fourths of the 

embedment depth with increas ing r otation (Holloway et al . 1978). 

88 . Table 10 illustrates s ubgrade react i on , elastic (or compute r) 

applications, and p - y curves for solution of the beam column differ

ential equa tion . These methods can provide close prediction of bending 

moment within 10 to 20 percent, but predictions of deflection can be off 

by more than 50 percent , particularly a t loads exceeding one half of the 

ultimate lateral load p . 
u 

Reese and Allen (1977) provide additional 

detail s on various procedures for computing l a teral load-deflection 

behavior. 

89 . Subgrade reaction . Solut i ons f or a homogeneous soil profile 

based on subgrade r eact i on are easiest to apply following determination 

of an appropriate kh or Es . Calculations may be done manually and 

us ually provide conservative estimates of a linear load-deflection behav-

ior up to one third to one half of the ultimate load 

of lateral deflection. The Broms (1964) and I smael 

methods assume a uniform soil with constant kh . 

P or about 1/2 
u 

and Klym (1978) 

in. 

90 . Elastic deformation . The elastic or computer solutions for a 

homogeneous soil shown in Table 10 provide linear lateral l oad- deflection 

curves depending on the so i l modulus E . 
s 

The Holloway et al . (1978) 

method , based on the Hays et al . (1974) method, provides a design lateral 
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Method 

Subgrade reaction ~ 

Broms (1964) 

Ismael and Klym (1978) 

Table 10 

Lateral Load Behavior of Single Shafts 

Equations 

Short free head: 
( SL < 1. 5) 

Long free head: 
(BL > 2. 5) 

2PS(eB + 1) 
Yo = k D 

"' s 

Short fixed: 

Long fixed: 

P = 9c D (L - 1.50 ) 
u u s s 

p 
y .. 

o ~Ds 

2M yield 
p = ----~---~--

u LSD + O.Sf 

P(4L + 6e) 
yo= ~DsL2 

(Continued) 

Definitions of Terms/Comments 

Yo = groundline deflection, ft 

s = ~~D/4Ecl 
p ~ lateral load, tons 

e = distance above ground surface of p • ft 

L = length embedment, ft 

P =ultimate lateral load (found from charts), tons 
u 

k • coefficient of subgrade reaction of infinitely long shaft 
"' 

M yield 
= yield moment of shaft section, ft-tons 

f • P/9cuDs , distance 1.50 from ground surface to maxi
mum bending moment, ft s 

Provides good estimate of maximum bending moment ( =10 percent) be
cause method is insensitive to small changes in c or distri

u bution of lateral pressures 

For rigid shafts, BL < 1.5 B from Equation 29 or above 

~ = constant 

Yo = ground line deflection 1/3 to 1/2 of p 
u 

p • 3c D at surface 
u u s 

p • 9c D at a depth of 2 ft and below 
u u s 

(Sheet 1 of 4) 



Method 

Computer (elastic) 

Matlock and Reese (1960) 

Poulos (1971) 

Davisson (1970) 

Kuhlemeye r (1979) 

Table 10 (Continued) 

Equations 

y = (PT} + (\:) •, E I y 
c 

T=~ E = ~z n ' s h 

Rigid free head : L < 2T 

Flexible free head : L > 4T 

Free head : I _L+ I 
M 

y = yp E L ym E t 2 
s 

s 

Iep 
p 

+ 1 em 
M 

E t 2 E t 3 
s s 

e = rotation, degrees 

y = lateral deflection, 

y = (PT} E I y 
c 

M = PT C 
m 

Fl exible free: 

a = 

in. 

(Continued) 

Definitions of Terms/Comments 

Accounts fo r nonlinearity between p and 
just E for compa t ible soil and shaft 

s 

y by iteration to ad
deflections 

E related to depth only since E insensitive to deflection, 
s s bending moment , and shear 

M = moment at ground surface, in-lb 

P = lateral load at ground sur face , lb 

A , B = coefficients from charts 
y y 

Soil assumed ideal, elastic, homogeneous, isotropic mass with two 
soil prope r ties of soi l modulus E and Poisson's ra tio= 0.5 . 
Shaft assumed thin, r ectangular ve~tical strip of width D , 

s l ength L , and constan t f lexural s ti ffness E I 
c 

Charts given for IY. and 19 as function of K , 
where K = (E 1)7 (E L 4) r 

r c s 
Solution for flexible shaft . From Mindlin equations 

tal displacement due to a horizontal load P . E 
with depth s 

Solut ion for flexible 
5,-----

T = ~ Ec (1/nh) 

E 
s = ~z 

E :: 67c 
s u 

Chart s available for 

shaft : 

C and 
y 

c m 

LID 
s 

for horizon-
constant 

Results of finite element analysis where aij 
flexibility coeff i cients : 

represents 

(

Ec) -0.170 
a11 = 0 . 567 E 

s 

•t, • • ,1 = 0 . 369 ( ::) -0.407 
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Method 

Kuhlemeyer (continued) 

Holloway et al. (1978) 

Banerjee and Davies 
(1978) 

Barber (1954) 

p - y curves (nonlinear) 

Reese and Welch (1975) 

Table 10 (Continued) 

Equations 

To limit rotation: 

_L+ 
I M 

y = I ym 
yp E L E L2 s s 

IemM 
6 rep 

p 
+ = 

E L2 E L3 
s s 

18P 24M 
Yo = 

D2 D3 
~s ~s 

24 36M 
6 = - p + 

p 
-= p 

u 

3 D4 nhDs ~s 

( )

1/4 
0 . 5 _;[_ 

Yso 

p 
r p 6 .. ___ __.:;;. __ --=-2 

(2 . 5 - 6) 
6. 25 1 -

P = P •FS design 6 

(Continued) 

Definitions of Terms/Comments 

(

Ec) -0.663 
o.585 E 

s 

Consistent with Poulos' (1971) solution. Poisson's ratio has 
little significance. Use computer program for nonhomogeneous 
soil 

P • resultant force transmitted from retaining wall to supporting 
r shaft 

P
6 

• lateral force at height e above ground surface 

6 • allowable rotation 

FS • 1/3 to 1/2 to limit creep 

P ~ greater than P P found from Hays (1974) design 
u char ts design • u 

Axial load, horizontal load , and moment at shaft head related 

E 
s 

vertical and horizontal displacement and rotation by set of 
3 by 3 matrix flexibility equations. Charts available for 
and I coefficients fixed of free head and free rotation. 
Soil modulus E increases linearly with depth E :: 100 to 

s s 180c 
u 

= ~z (soil modulus increasing linearly with depth provides 
groundline deflection and slope) 

y 
+_2+ 

c 
u 

or 9c D , whichever is smaller 
u s 

y .. 

to 

I v 
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Method 

Reese and Welch 
(con tinued) 

Bhushan, Haley , and 
Fong (1978) 

Ismael and Klym (1978) 

p 
-= p 

u 

p 
p-= 

u 

2 (J_)l/ 2 
Yso 

( )

1/4 
0. 5 J_ 

Yso 

Equations 

Table 10 (Concluded) 

Definitions of Terms/Comments 

where 

E: = s trai n from strength 

cso .. strain at 1/2 of c 
u 

Yso = 2 . SDscSO 

(3 
y 

2 ~.) c.o, p = +_2+ 
u c 

u 

Yso = 20sE:SO 

P = 3c D at surface 
u u s 

= 9c D at depth 2 ft below 
u s 

test 
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load which must be less than P to maintain the rotation of a rigid 
u 

shaft to within a tolerable angle . The computer solutions provide dimen-

sionless coefficients given in a series of charts for some design cases. 

The Poulos (1971) and Kuhlemeyer (1979) methods assume a constant soil 

modulus (overconsolidated clays) , while Matlock and Reese (1960), 

Davisson (1970), and Banerjee and Davies (1978) assume E 
s 

. may ln-

crease linearly with depth (normally consolidated clays) . Poisson ' s 

ratio was found not to have any significant influence on results . 

91. Figure 14 illustrates predictions of the lateral load

deflection behavior of several test shafts at the sites of the Bhushan, 

Haley, and Fong (1978) field study using different methods . The elastic 

predictions using the Brems (1964) and Poulos (1971) methods with E 
s 

equivalent to the laboratory soil Young's modulus (Table 9) provide gen-

erally reasonable and conservative predictions up to about 1/2 in. for 

drilled shafts of the Bhushan, Haley, and Fong study. The Poulos method 

is less conservative than the Brems method. The Banerjee and Davies 

proposal for E of 100 to 180c , which is in close agreement with 
s u 

the laboratory soil modulus, therefore appears reasonable for results 

of the Bhushan, Haley, and Fong field study . Soil moduli taken 7 to 11 

times the laboratory soil modulus (Table 9) or more than lOOOc provide 
u 

unconservative predictions (too little deflection), even at deflections 

less than 1/2 in. for drilled shafts of the Bhushan, Haley, and Fong 

study . An 

lus as used 

E 
s 

by 

of lOOOc 
u 

might be appropriate as an initial soil modu-

Ottaviani and Marchetti (1979) in their finite element 

analysis of vertical displacements. 

92. p - y curves. Solution of the beam column equation using 

soil reaction-deflection curves and a computer program such as COM622 

(Reese 1977) may be the most advanced method available for determining 

nonlinear load-deflection response, moments, and shears . The slope of 

the p - y curve is the soil modulus of shaft reaction 

puter program COM622 is oriented toward flexible shafts 

E . 
s 

The com-

which assume 

zero moment and shear at the base. A p - y curve may be provided for 

each type of soil. This program may cause some error in prediction of 

lateral load-deflection response fo r rigid shafts with 
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six . However, current techniques in estimating appropriate p - y 

curves and E are probably the most significant sources of error in s 
prediction of the lateral load-deflection response. 

93. An appropriate set of p - y curves for the soil profile 

needs to be measured or predicted to solve the differential Equation 25 . 

The p - y curves may be measured by field testing instrumented shafts 

to determine the bending moments along the length of the shaft (Reese 

and Welch 1975). Empirical equat ions for predicting p- y curves from 

correlations with results of laboratory data and lateral field load 

tests in stiff clays were also developed by Reese and Welch (1975) and 

Bhushan, Haley, and Fong (1978) (Table 10) . Ismael and Klym (1978) 

obtained good agreement with results of field load tests s i mply by modi

fying the ultimate load criteria of the Reese and Welch method . Bhushan, 

Haley, and Fong found that the bending moments are not significantly 

influenced by the cons tants in the empirical equations for predicting 

p - y curves. Good agreement with field load data apparently may be 

achieved by either adjusting the constants in the p - y equations 

(Table 10) or adjusting criteria for determining the ultimate soil reac

tion P . The Bhushan p - y relationship in Table 10 appears to pro-
u 

vide a better correlation than that of Reese and Welch for the field 

study in Figure 14. Predicted p - y curves may accordingly not always 

be r epresentative of the field p - y response . 

Load Behavior of Gr oups 

94. The capacity of a group of drilled shafts in cohesive soil for 

spacings less than about eight times the base diameter i s likely to be 

less than that of the s um of the same number of isolated shafts (Tomlin

son 1975, 1977). The group capacity may decrease and settlements become 

larger with closer spacings because more subsoil beneath the base lS 

stressed to deeper depths . A group of closel y spaced l ong shafts may, 

on the other hand, show very little settlement if all the bases can be 

located in a r elatviely incompress i ble stratum. The ability to control 

the shaft diameter and to support large loads on a single shaft with 
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tolerable deflections will normally allow construction with large spac

ings and with no loss in group capacity. The design of drilled shaft 

foundations may consequently be based on the behavior of single, isolated 

shafts for most cases. 

95. A number of different limit analysis and elastic methods 

(Table 11) have been suggested for design of shaft groups, but lack of 

documented field data prevents verification of any optimum method. Meth

ods that use an efficiency formula for ultimate group loads (Tomlinson 

1977) or Vesic's (1977) concept for group settlement are adapted to 

local soil conditions. The Terzaghi and Peck (1967) or Ghanem (1953) 

method is useful for very close spacings (less than two times the shaft 

diameter) where block failure is probable. A rigid cap over a group 

tends to force block failure of the entire group even at fairly large 

spacings (Murphy 1972). The Poulos method for determining a linear 

load-deflection behavior uses charts of influence factors for uniform 

soil and standard designs. The Hrennikoff method is a popular and 

versatile elastic method applicable to hand calculation of the axial and 

lateral displacements and rotation of battered shafts. 

96. A variety of computer programs (Table 12) has been developed 

to simplify and increase the accuracy of analysis for axially and later

ally loaded groups. These methods consider more complex boundary (e.g., 

geometry and layout of the group) and more representative soil behavior 

than hand methods or design charts. The O'Neill and Ghazzaly (1977) 

method is one of the few that considers interaction effects between shafts 

in the group; however, computation of the ultimate capacity may not be 

reasonable. The finite element method (FEM) considers interaction be

tween shafts in a group assuming nonlinear soil behavior and a hetero

geneous soil profile, but the geometrical configuration must be kept 

simple. Analysis using three-dimensional finite elements is presently 

not practical for routine design because of excessive computer time and 

lack of adequate confirmation from field load tests. LMVDPILE (Martin, 

Jones, and Radhakrishnan (1980)) is a practical program oriented toward 

the routine design of groups of straight or battered shafts. Work at 

the U. S. Army Engineer Waterways Experiment Station to optimize the 

placement and number of piles resulted in the computer program PILEOPT 

(Hill 1981). 
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Method 

Limit Analysis 

Terzaghi and Peck (1967) 

Tomlinson (1975, 1977) 

Ghanem (1953) 

Kondner 

Vesic (1977) 

Elastic 

Poulos (1968) 

Table 11 

Load Behavior of Shaft Groups 

Equations 

~g = 2L(B + W) c + 1.3cNcBW 

nQ 
u 

2L(B + W) c + 6.5BWc 

2LBc , for B = W 

2Lc[(m- l)s +3D ] 
s 

- (Qus) R I 
pg E L g 

s 

Definitions of Terms/Comments 

Assumes block failure for spacing <2 times shaft diameter 

c = average cohesion around perimeter group 

c = average cohesion beneath group of soil 

B and W - lateral dimensions of the rectangular group 

L - length of shafts 

N - bearing capacity factor c 

Efficiency formula where Ef = 0.7 at 2Ds and Ef = 1 at 
8Ds , where Ds = diameter of shafts . Settlement computed 
assuming a raft foundation; sum of elastic and consolida
tion settlements n = number of shafts 

Lesser of the two equations shown. Special version of the 
Terzaghi and Peck equation 

m = number of shafts along B 

n = number of shafts along width W 

s = shaft spacing 

R- 0.75 + 0.02166s 

z = m/[(0.51- 0.1483s) + (0.516 + 0.046s)m] 

pg - group settlement 

p - settlement of a single shaft with diameter D s 

Incompressible shaft; no slip between shaft and clay 

(Continued) 



Method 

Poulos and Davis (1974) 

Davis and Poulos (1972) 

Hrennikoff (1950) 

Table 11 (Concluded) 

nQ 
u 

P - R P 
g s 

Equations 

Three equations of equilibrium 
are solved simultaneously to 
determine lateral and axial 
displacements and angle of 
rotation 

Definitions of Terms/Comments 

R = group reduction factor g 
I = influence factor for single shaft 

E • Young's modulus of surrounding soil 
s 
L a length 

n • number of shafts 

Results provided for free standing group 

R = settlement ratio 
s 
p = average settlement of a single shaft 

Linear elastic two-dimensional analysis of battered shafts. 
Assumptions: load proportional to displacement of shaft 
head; footing embedded in rigid soil; all shafts deform 
identically; movements are small 



Method 

PASS 
(Bryant and 
Matlock 1977) 

BENT! 
(Radhakrishnan 
and Parker 
1975) 

O'Neill and 
Ghazzaly 
(1977) 

FEM (Desai , 
Johnson, and 
Hargett 1974) 

LMVDPILE 

Table 12 

Computer Analysis of Shaft Groups 

Description 

Rigorous three-dimensional analysis of shaft 
supported structures. Linear elastic shafts 
and superstructure; nonlinear axial, lateral, 
and torsional soil displacement. The super
structure and shafts condensed to the 
structure-shaft interface. Compatibility at 
structure-shaft interface 

Two-dimensional analysis of shaft supported 
structures. Input data include axial and 
lateral load-displacement curves for each 
soil. Iterations to establish equilibrium of 
forces and compatibility of deflections 

Three-dimensional nonrigorous analysis of shaft 
groups of any geometry, nonlinear response of 
individual shafts for axial, lateral , and 
torsional loads, and shaft-soil-shaft inter
action. Soil modulus constant or varies 
linearly with depth 

Three-dimensional system idealized as a struc
turally equivalent, two-dimensional , plane 
strain system. Simulates maJor steps of con
struction, nonlinear behavior of soils, 
interact ion between shaft and soil 

Analyzes shaft foundation groups using 
Hrennikoff's method extended to three
dimensional behavior with Saul 's method. 
Soil modulus varies linearly with depth 
or is constant with depth 

Comments 

Does not consider effects of inter
action of stresses between 
shafts . Condensation procedure 
leads to an optimum computational 
efficiency. Allows nonsymmetri
cal loading on superstructure 

Assumptions: lateral forces have 
little influence on axial re
sponse; axial forces signifi
cantly influence lateral 
response; cap rigid . Allows in
clined and eccentric loading . 
Does not consider interaction of 
stresses between adjacent shafts. 
Similar to University of Texas 
program GROUP 

Permits inclusion of coupled shaft 
behavior between various modes 
of loading on a single shaft. 
Motion at the cap is assumed 
rigid and constrained by the 
superstructure. Determination 
of ultimate capacity is rela
tively inaccurate 

Adaptable to large groups of shafts 
with fairly uniform properties 
and symmetry in the third (non
zero strain) direction. Hetero
geneous soil profile 

Rigid body model supported by set 
of springs representing forces 
on structure from shaft. Assumes 
rigid cap and elastic behavior. 
Accounts for any degree of fixity 
of any shaft with cap, different 
bending stiffness; any elastic 
torsional, axial, or lateral re
sistance of any shaft; any posi
tion or batter; shafts of differ
ent sizes or materials 



Evaluation of Design Methods 

97. Numerous procedures have been developed to model the mecha

nisms of the load-deflection behavior of shaft foundations and to pro

vide the necessary design information. No single procedure has been 

shown to be reliable for all field cases . Each procedure has been 

limited to local regions or certain soils for which laboratory data and 

results of field load tests are available. The weakest link in evaluat

ing and optimizing the design procedure is probably determining the most 

appropriate values for soil shear strength and elastic moduli of the 

soil . 

98. A study , perhaps with the aid of a computer program, is 

needed to assemble all of the separate l oading effects and develop a 

unified approach for analysis of the forces that can be applied to a 

drilled shaft. A need also exists for comparisons of the more promis

ing methods of analysis with data from field load tests in an attempt 

to determine the most suitable design procedure. 

Axial loading of single shafts 

99 . Load capacity . The standard method for evaluating load capac

ity of drilled shafts is by limit analysis . This is accomplished by 

summing the contributions of skin and end bearing resistance assuming 

negligible interaction of stresses (Equation 3). This sum is then 

divided by a factor of safety of from two to three in order to limit 

shaft displacements to about 0 . 5 in. or less . The total stress approach 

and results of undrained strength tests are normally used to determine 

the skin and end bearing resistance. The effective stress approach 

appears promising and possibly more appropriate for analysis of long

term behavior. However , little practical experience is available and 

lateral and pore pressure data are needed; these data are often diffi

cult to obtain. 

100. Limit analysis is not capable of predicting the load

deflection behavior and probable shaft displacement. Prediction of shaft 

displacement is a useful design tool and can be expected to reduce ex

cessive conservatism often found in the limit analysis approach . Methods 
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available for predicting load-deflection behavior such as the transfer 

function and finite element methods show promise as a routine design 

tool; however, little practical experience is available to confirm the 

reliability and overall advantage of these methods for routine design. 

101 . Downdrag . Much of the work on downdrag, which is often 

caused by soil consolidating adjacent to the shaft, has been done using 

the effective stress approach rather than total stresses. The s kin fri c

tion from downdrag may be estimated using Equation 6 and a S factor 

fo r clay of about 0 . 2 to 0 . 25. Skin friction from downdrag appears to 

be slightly less than the skin friction developed from normal shaft 

loads. Downdrag can be considerable for shafts in consolidating fills . 

The downdrag force is usually negligible for shafts in stiff clay be

cause compression is small and tends to occur slowly . 

102 . The Terzaghi and Peck (1967) method can be used to provide a 

conservative estimate of downdrag for shafts in a consolidating fill . 

Methods for estimating the load-settlement behavior caused by downdrag 

are generally not available for normally encountered field conditions . 

Several computer programs have been developed for analysis of the load

settlement behavior assuming simple field conditions with elastic soil 

behavior. 

103. Pullout loads . The resistance of underreamed shafts to 

pullout loading forces appears analogous to Equation 7 for end bearing 

resistance, except that 

F varies between two 
c 

F 
c 

is to be determined instead of N 
c • The 

and four times the ratio up to a maximum 

of nine, the value of N 
c 

for depths greater than five times the shaft 

diameter. The pullout resistance of straight 

to the skin resistance f (Equation 10). 
s 

shafts appears equivalent 

104. Uplift loads. The uplift thrust appears to be a function of 

the developed swell pressure in the soil, but is limited by the shaft

soil interface strength. The resistance of shafts to the upward thrust 

of adjacent swelling soil is much less understood than the mechanism of 

the pullout resistance . A logical approach to estimating the uplift 

resistance to the thrust of swell ing soil may be to assume that the up

lift resistance is analogous to the pullout resistance. 
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Lateral load be-
havior of single shafts 

105. Practical solutions of lateral load behavior are based on 

the elastic beam column differential equation by Hetenyi (1946). Reese 

(1977) and Reese and Allen (1977) have been among those that have offered 

the best practical solution to this differential equation: the use of 

lateral load-deflection p - y curves . The greatest current need is 

to develop improved procedures for estimating these p - y curves for 

the soil profile. Several empirical equations have been offered , but 

these estimated p - y curves cannot be expected to represent the actual 

field response for any field case . 

Load behavior of groups 

106. The load capacity of a group of drilled shafts in cohesive 

soil will be the sum of the capacity of individual shafts for widely 

spaced shafts. Shaft groups with spacings less than eight times the 

diameter may cause the group capacity to decrease and settlements to 

increase. Rational analysis of group capacity and load-deflection behav

ior requires a computer program because of the degree of complexity . 
• 

The state of the art is in its infancy and is hindered by lack of field 

data. 
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PART V: CONSTRUCTION METHODS 

107. Construction of a drilled shaft requires boring a hole of 

specified diameter and depth and backfilling with concrete. Reinforce

ment is optional depending on the specific project. The diameter, 

length, and cross-sectional features (i.e., underream or bell) deter

mined during the design process are the results of balancing the struc

tural loads with the load carrying capacity of the foundation soils. The 

equipment and procedures for construction of drilled shafts are also 

a function of the foundation soil characteristics and soil profile. Con

sequently, the design and performance of drilled shafts are significantly 

influenced by the equipment and construction procedure used to place the 

foundation . In fact, most of today's problems with drilled shafts are 

related to construction methods and not to design. 

108. A large variety of equipment and three major construction 

procedures are available for drilled shaft construction . Therefore, to 

take advantage of best current construction procedures, it is imperative 

that the construction method be selected as early in the design sequence 

as possib l e, preferably when the soil profile is defined and the founda

tion type (i . e ., drilled shaft) is selected. Previous parts of this re

port have described field exploration, laboratory testing, and design 

procedures that have been used for drilled shaft foundations . The pur

pose of this part is to acquaint the engineer with typical equipment, 

construction procedures, and common problems encountered in the construc

tion of drilled shafts . 

Equipment 

109. The designer should be familiar with the type and capabili

ties of equipment available at a particular construction site. Locally 

available equipment is usually the most economical . The designer should 

also assume that the contractor will use the lightest equipment possible 

and will tend to complete the foundation portion of the work as rapidly 

as possible. The contractor must have the proper equipment with 
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sufficient capacity to complete the drilling requirements. The design 

should avoid multiple shaft or underream sizes as increased time and 

delay for changing drilling tools results in significantly higher costs 

(Woodward, Gardner, and Greer 1972). The unit cost (per cubic yard) 

tends to decrease as the diameter of the shaft increases. 

Drilling equipment 

110. Commercially produced drilling equipment suitable for dri lled 

shaft construction may be classified according to the mounting and rela

tive capacity as indicated in Table 13. Some advantages and disadvan

tages of different types of rig mountings are shown in Table 14. Drilled 

shafts up to 17 ft in diameter and more than 120 ft deep are possible 

with present equipment . 

111. Figure 15 illustrates how the cost is expected to compare 

with the different size rigs given in Table 13. The capacity of the 

drilling rig should therefore be closely matched with the work require

ments to optimize economy . The drilling machine should operate within 

its continuous working r ange and not toward the limits of its upper 

capacity. 

Auxiliary equipment 

112. The common types of auxiliary tools used with drilling rigs 

are described in Table 15. These tools include augers, underreamers, 

clean- out buckets, vibratory hammers, and totary equipment. Drilling 

with augers is usually much more economical than use of core barrels or 

other r otary tools with the lighter rigs (Woodward, Gardner , and Greer 

1972) . Auger drilling requires more torque than core barrels , roller 

bits , or down-hole chopper bits , but the hole may be made much fas ter. 

113. Underreams are used to increase anchorage and end bearing 

resistance. Bell diameters as much as 3 times the shaft diameter are 

possible but are usually l imited to 2.5 or less in practice. Under

reamers are inefficient for removal of material, and the underream 

cannot be cased to prevent caving . A theoretical analysis (Reese and 

Allen 197 7) shows that the 45-degree bell may cause larger stress con

centrations than the 60-degree bell in drilled shafts, but the 45-degree 

bell r equires less concrete and less cutting time. There i s no practical 
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Table 13 

Equipment for Drilled Shaft Construction* 

Nominal Shaft Nominal 
Type Example Diameter, in . Depth, ft 

Light duty, Texhoma 270 <24 20 
12-ton truck-
mounted 

Medium duty, Watson 1000 <48 40 
20- ton truck/ Texhoma 600 
crawl e r-mounted 

Heavy duty , 
35-ton carrier/ 
crawler-mounted 

Crane-mounted , 
>35 tons 

Hughes LDH 
Hu ghes LLDH 
Watson 3000 
Reed Taurus 

Hughes 
Watson 
Stewart-

Stevenson 

48- 72 

up to 200 

* From Watson (1978) and Farr (1978) . 

100 

>120 

Torque 
ft-lb 

10-20 

<60 

50-100 

100-150 
(typical) 

Remarks 

Post hole truck-mounted r1gs; 
underreams to 72 in .; maxi
mum batter 15 degrees from 
vertical on inter mittent 
basis ; cos t $600- 800 per day 

Maximum batter 15 degrees from 
vertical; cost $600-800 pe r 
day 

Capab l e of large 40- to 60-kip 
down forces on the kelly ; 
augers rocks of unconfined 
strength 4 to 8 psi; maximum 
bat t e r 60 degrees from verti
cal ; cost $1000-1200 per day 

Applied to extra large shafts 
and special shaft require
ments; i . e ., low overhead 
using rodless drill, deep 
shaf t s and very large bell ed 
foo tings ; cost $1200-1500 
per day . Mobilization costs 
$1500, or more for long hauls 



Type of 
Mounting 

Truck 

Crawler 

Crane 

Table 14 

Advantages and Disadvantages of Drilling Equipment* 

Advantages 

High mobility, capable of 
moving at highway speeds, 
easy maneuverability from 
hole to hole provided 
ground is sufficiently firm 
for tires; minor mobiliza
tion costs 

Site mobility excellent; 
handles taller augers and 
underreamers than truck 
mounted rigs 

Handles taller augers and 
underreamers than truck 
mounted rigs; large lifting 
capacity; readily mobile on 
soft gr ound if mounted on 
tracks 

Disadvantages 

Limited auger and underream 
height; limited torque 

Less adaptable to small jobs 
than truck mounted rigs; 
requires heavy equipment 
trailers; less mobile than 
truck mounted on highways 

Same as for crawler. Mobili
zation costs high 

* From Woodward , Gardner , and Greer (1972). 
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Tool 

Augers 

Underreamers 

Cl ean-out 
buckets 

Vib r atory 
hammer 

Rotary bits 

Table 15 

Auxiliary Equipment* 

Description 

Open flight , continuous spiral blade , 4 to 6 ft l ong ; some 
equipped with a cutting edge or cutting teeth . Tungsten 
carbide teeth used in rock formations . Continuous 
f light augers (auger-cast shafts , tie backs, and sand 
drains) have a continuous spiral bl ade for the full 
lengt h of the ho l e ; diameters up to 48 i n . and 100- to 
150-ft depths possib l e with continuous flight augers 

A system of levers for ce cutt ing blades out as downward 
force is app l ied . 45- and 60-degree cutting ang l es of 
the bell measured from the horizontal are available . 
The b l ade is fully extended for a bell-shaft diameter 
ratio of three . Blades not fully ex tended result in 
bell angles greater than 45 or 60 degrees depending on 
the bell angle capacity of the reamer . 60-degree 
reamers require mor e rotary clearance under a rig than 
45- degree reamers and a r e not as readily available as 
45- degree reamers 

A short piece of casing with a hinged bottom equ i pped with 
teeth. These are used to cl ean ou t the bottom of holes 
prior to the concr e t e pour 

The vibrating part of t he hammer is clamped to casing to 
se t the casing in cohesionl ess soil . Rotating eccen
tric weigh t s provide the vibrating force . Vibratory 
hammer s are normally used only for large jobs because 
of high mobilizat ion costs 

Rotary bits such as cor e barre l s , shot barrels, multi
rolle r rock bi t s are used f or drilling in hard clay 
shal es , r ock , or deep shaf t s great e r than 150 ft . Air 
lift reverse circulat ion (compressed air instead of 
drilling mud) is often used . Rotary tools are us ually 
not used in drilled shaf t cons truction because of high 
mobilization and se tu p costs 

* After Farr (1978), Woodward, Gardner, and Greer (1972) . 
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field information to indicate that the 45-degree bell is less satisfac

tory than the 60-degree bell. Sixty-degr ee bells also require a crane 

for bells larger than 66 in. in diameter (Farr 1978). The minimum 

diameter shaft recommended for underreams is 1.5 ft (Reese and Wright 

1977). 

114. Clean-out buckets are efficient for removal of loose sediment 

and cuttings from the bottom of s lurry-filled shafts immediately before 

placing the concrete. These buckets are also used to drill through sand 

in slurry-filled holes. 

Construction Procedures 

Tolerances 

115. Construction of drilled shafts exactly according to designated 

dimensions, location, and orientation frorn the vertical is not practically 

possible or economically sound. Tolerances are needed depending on costs 

required to adjust the design to account for the inevitable eccentricity 

and batter of the shafts and to construct the shafts within the chosen 

tolerance. Reese and Wright (1977) recommend: 

a. The axis should be installed within 3 in. of the shaft's 
plan location. 

b. The shaft should be within 2 percent of vertical plumb 
for the total length. Shafts installed on a batter 
should be within 5 percent of the planned orientation 
for the full length. 

c. The top elevation should not be more than 1 in. above 
or 3 in. below the plan elevation. 

d. The diameter of the shaft should be no less than 1 i n. 
smaller than the plan dimension. The bearing area of 
the underream should be as large as that of the planned 
under ream. 

The contractor should be given as much freedom as possible to construct 

the drilled shaft foundation according to the methods that he has found 

best, provided that construction is of the required quality within speci

fied limits. The use of innovative techniques should not be restricted. 
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Methods 

116. The three methods recognized for construction of drilled 

shafts depend on the subsur face soil conditions (Figure 16): dry, 

casing, and slurry methods. The dry method is applicable to soil s that 

will not cave, slump, or squeeze (reduce the diameter) when the hole is 

bored to its full l ength . Seepage should be insignificant while the 

boring is open. Soils suitable for unsupported holes include low

permeability stiff clays and sometimes moist sand above the water table. 

The casing method is applicable to soils where caving or excessive 

deformation will occur within the hole during excavation. The casing is 

pushed into an impermeable, firm stratum below the caving soil . The 

s lurry displacement method is applicable to any soil conditions where 

the casing cannot be sealed to prevent seepage or caving into the hole. 

Much of the following summary of construction methods was taken from 

Reese and Wrigh t (1977) and Farr (1978). 

117. Dry method. The excavation is normally carried to its full 

depth using an auger tool. An underreaming tool may then be used to 

enlarge the base of the drilled shaft if bells are required. The 

cuttings collect in the reamer and are unloaded on the surface. The 

bottom may be cleaned by turning the r eamer about one fourth turn with 

the blades open, then closing the blades and repeating the procedure for 

the entire perimeter of the bell. A bell constructed by a skilled 

operator using a reamer of good design will leave minimal cuttings at 

the bottom. A good reamer has sufficient space between the bottom of 

the blades and hinged bottom to catch the cuttings. A clean-out bucket 

may also be used to remove loose cuttings at the bottom of the excavation 

(Farr 1978). 

118. Following clean-out and inspection of the hole, concrete may 

be placed into the shaft by free-fall, or preferably through a tremie 

to minimize segregation in the concrete and to prevent concrete from 

contacting the sides of the shaft . The concrete is placed to the eleva

tion of the bottom of the rebar cage if reinforcement is used, the cage 

lowered to the level of the concrete (without hitting the sides of the 

shaft with the cage), and the remaining concrete placed into the hole 
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Figure 16. Examples of drilled shaft construction methods (after 
Reese and Wright 1977) 
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(Figure 16a). A skilled crew can drill and place concrete in shafts very 

rapidly using this method; e.g., a 36-in.-diam by 50-ft shaft may be 

constructed in about 30 minutes under ideal conditions (Farr 1978). 

119. Casing method . The hole may be bored as in the dry method 

until a caving or squeezing soil or excessive seepage is encountered . 

A slurry is then normally introduced into the hole and drilling con-

tinued until an impermeable layer is encountered. Casing is then placed 

into the shaft and sealed in the impermeable layer. The slurry is 

bailed out and drilling proceeds to the final shaf t depth in the dry 

using an auger tool (Figure 16b). The portion of the hole below the 

casing is about 2 in. smaller in diameter than the cased area. Under

reams may be made using the same techniques as the dry method (Figure 16c). 

In some cases, borings can be made quickly through soil susceptible to 

caving, squeezing, or seepage without the need for slurry prior to place

ment of the casing . 

120. The rebar cage, if required, should extend to the bottom of 

the drilled shaft to minimize downward displacement of the cage when the 

casing is pulled . The rebar cage may also need to be held down during 

the concrete pour and while the casing is pulled . The concrete is placed 

in the hole and the casing removed after there is sufficient hydrostatic 

pressure in the column of concrete to force the slurry trapped behind 

the casing out of the hole. The seal at the bottom of the casing must 

not be broken until the level of concrete is above the level of the fluid 

behind the casing . This procedure is necessary to prevent any slurry , 

groundwater, or debris from falling into the excavation and weakening 

the drilled shaft . The casing is usually pulled a short distance ini

tially and concrete placed in the shaft to raise the lowered level of 

fresh concrete due to filling of the annular space l eft by the casing 

including any voids . The casing may then be pulled from the hole. 

121. Large voids outside of the casing should be filled with sand 

before the casing is pulled to avoid significant lowering of the concrete 

level and large downdrag forces on the reinforcement due to fil ling of 

the voids. Pea gravel should not be placed between the casing and walls 

of the hole because the friction may cause the casing to stick . Casing 
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should not be left in the hole overnight, otherwise it may not pull out 

the next day. 

122. Double casing is required for drilled shaft construction in 

shallow water. An outer casing is set first, usually guided by a tem

plate. The inner casing is then set and usually has an outer diameter 

1 ft less than the outer casing. Clean sand is placed in the annulus 

between the casings and the shaft drilled to the full depth with a slurry. 

Reinforcement is placed and concrete placed through a tremie. The fresh 

concrete flows against the sand when the inner casing is pulled. The 

outer casing is pulled after the concrete has set, exposing the concrete 

shaft. Double casing is difficult in practice and requires experienced 

contractors. Mobilization and setup costs are also high and not economi

cal for small jobs. However, savings can be substantial for large jobs 

using the double casing technique compared to the use of high-capacity 

piles (Farr 1978). 

123. Slurry displacement method. Drilling proceeds as with the 

dry method until a caving soil or excessive seepage is encountered. 

Slurry is then introduced into the hole and drilling continues until the 

full depth of the shaft is reached. The slurry holds the cuttings in 

suspension and carries the cuttings to the surface . The slurry, typically 

3 to 5 percent bentonite, should be kept slightly be l ow the top of the 

hole to avoid a messy ground surface. Specific gravities usually vary 

between 1.2 and 1.5, but specific gravities as high as 1.8 may be needed 

to hold the ho l e open. Casing may also be required in coarse sands to 

prevent high fluid losses. 

124. A clean-out bucket should be used to remove loose cuttings 

and sedimented material at the bottom of the excavation. Underreams may 

be constructed using the slurry displacement method, but inspection is 

impossible and adequate cleanliness of the bell is uncertain. The engi

neer should be cautious when specifying bells using the slurry displace

ment method. 

125. Partial- or full-length rebar cages may be inserted into the 

hole as required and concrete placed through a tremie. The rebar cage 

may need to be held down while the concrete is being placed . The end of 
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the tremie is closed (e.g., valve, plywood plate over the en~, polyethy

l ene, and tire rubber band) until the tremie is at t he bottom of the hole. 

The tremie is slowly raised whil e placing the concrete, but the tip is 

always kept preferably 5 to 10 ft within the column of fresh concret e . 

Production rates using the casing or slurry displacement methods are 

much slower than those using the dry method and may easily be limited to 

3 or 4 shafts a day. The use of slurry is time-consuming, and it often 

must be hauled off after the work is finished . 

Steel reinforcement 

126. The rebar cage must be designed to meet the structural 

requirements for bending, imposed compression or uplift loads from the 

superstructure, any downdrag forces expected from consolidation of the 

foundation soil or fill, or any tension forces from heaving soil . The 

rebar cage must be stable during placement in the hole and placement of 

concrete and during withdrawal of the casing . Horizontal bands may be 

placed around the c aging to prevent lateral spreading, and joints should 

be tied to prevent slippage. The spacing of the rebars and circumferen

tial bands should be large enough to ensure adequate f low of concrete 

through the openings ; i.e., openings should be three times the maximum 

size of the concrete aggregate . 

Concrete placement 

127. The strength of the concrete mix should be 3000 psi or 

greater and the slump should be at least 4 in. and preferabl y 6 to 7 in. 

for adequate flow properties. Air-entraining agents or chemicals may be 

added to increase workability . The water-cement ratio must not be too 

high to avoid excessive bleeding or laitance. The maximum size aggre

gate should be l imit ed to about one third of the rebar spacing or about 

3/4 in . The concrete should be inspected closely before placing into 

the hole to avoid hot or flash setting of the concret e . Chemicals to 

retard the concrete set should be used in cased and slurry borings to 

avoid any set whil e placing . The concrete should be placed into the 

hole as soon as possible after boring and at least on the same day to 

minimize construction problems. 

128. Concrete overruns are normal, but could indicate a problem 
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3 
and should be less than 3 or 4 yd per shaft . Concrete underruns may 

also indicate a problem, such as water contamination or collapsed soil 

filling part of the hole causing a defective shaft, and should be ln

vestigated. A record of the concrete placement should be kept for each 

shaft. 

Construction Problems and Inspection 

129. Long experience has shown that cast-in-place concrete drilled 

shafts are a reliable and economical form of foundation. Nevertheless, 

there are many problems associated with the construction of drilled 

shafts. These problems often cause unnecessary misunderstanding between 

the owner of the structure, the design engineer, and the contractor and 

may involve significant claims, construction delays, and remedial work. 

130. Many problems occur from an inadequate understanding of the 

actual soil profile and groundwater conditions. Problems also occur 

from mistakes made while drilling. Other problems are associated with 

inadequate flow properties of the concrete and improper steel reinforcing. 

The following summary taken from Farr (1978), Reese and Wright (1977), 

and Thorburn and Thorburn (1977) describes significant problems en

countered with construction of drilled shafts. 

Inadequate information for design 

131. Soil and groundwater conditions. A common and difficult prob-

lem that often causes the ~nost trouble during construction is that of ob

taining adequate, reliable, and useful information on soil and groundwater 

conditions. This information is needed by the contractor as well as the de

signer to aid in estimation of the work and selection of the proper equip

ment to complete the job economically. Complete borinJ logs 3howing all 

strata, location of changes in the strata, whether water was or was not en

countered, and locations of water are especially important. 

132. The designer should be familiar with local experience and ac

tual site and soil conditions so that the proper options for drilling will 

be specified and available to the contractor to optimize efficiency. Refer 

to ER 415-1-302, "Inspection and Work Records," ER 1110-2-1200, "Plans and 

Specifications," and ER 1180-1-6, "Construction-Quality Control" for ex

amples of specifications. 
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contractor needs to know (a) site conditions so that equipment of the 

proper surface mobility can be selected and (b) subsurface soil condi

tions so that equipment of adequate capacity can be made available for 

drilling dry, with casing, or in slurry as needed. 

133. Mixing equipment not suited to each other should be avoided. 

For example , a continuous fligh t auger often leads to loose cuttings at 

the bottom of the hole. A clean-out bucket is necessary to remove the 

cuttings, but such a bucket is difficult to use with a continuous flight 

auger and the necessary clean-out may not be done (Farr 1978) . 

134. Examples of inadequate specifications from lack of soil data . 

Farr (1978) described the calling for bids based only on casing without 

slurry. During construction, the contractor could not find an imperme

able layer to seal the casing, and the caving layer was found too thick 

to drill through without slurry. The job was shut down for a long time 

and many claims were filed. 

135 . Another example (Farr 1978) illustrates the difficulty of 

reaming bells when a single thin layer of permeable soil is in the 

belled area . The permeable zone was missed during soil sampling and 

slurry was not specified . The bell could not be reamed without s lurry 

and the shaft was eventually required to go 90 ft or three times the 

original specified length before a suitab l e layer was found. The slurry 

displacement method would have been much more economical if it had been 

permitted by the contract . 

136. When casing is required for a job, the specifications should 

call for size of the upper portion of the hole in even, 6-in . increments; 

i.e., 18, 24, 30 in. The use of casing means that the lower part of 

the hole will be about 2 in . less in diameter. Casing is much easier 

to find in 6-in . increments than in 2-in. increments, while odd-sized 

augers are much more easily found . 

137. Overbreak. One of the worst and most common problems with 

drilled shaft construction is overbreak, which is defined as the loss of 

material outside of the nominal diameter of the shaft due to caving soil. 

Overbreak can cause local cavities or defects in the shaft . The con

struction procedure must be chosen to minimize overbreak and to e l iminat e 

86 



defects in the concrete of the shaft as a result of overbreak. 

Problems with the dry method 

138. Most problems using the dry method occur from caving or 

squeezing soil and seepage. It is often difficult to predict the poten

tial for caving or seepage without local experience . Stiff or very 

stiff cohesive soils with no joints or slickensides are usually needed 

for this method. Some shafts have been successfully constructed in 

sands above the water table. Squeezing in soft clay will probably be a 

problem if the ratio of effective overburden pressure to undrained shear 

strength is greater than six . 

139. Underreams, especially large underreams, are vulnerable to 

caving and should be constructed as quickly as possible. The diameter 

of the bell- shaft ratio should therefore be specified less than three 

and preferably about two . Underrearning tools also have a tendency to 

ream up or down. Excessive up reaming may cause loose material in the 

hole , while excessive down reaming may make the bell unstable or more 

susceptible to caving . 

Problems with the casing method 

140. Drilling without slurry. An important prob l em with the 

casing method is trying to drill through caving soil without s l urry . 

Slurry should be used while drilling through caving soil prior to place

ment of casing and sealing in an impervious layer, unless local experi

ence has shown that slurry is not necessary. Slurry drilling signifi

cantly increases the cost of drilling and should be a par t of the cost 

estimate when using the casing method. Since casing normally cannot be 

continuously installed while drilling , the hole should be drilled within 

a foot or two of the planned bottom elevation of the casing before the 

casing is set . 

141. Underreams. Casing is usually set 6 in. to 1 ft into the 

impermeable stratum . The base of the bell must be deep enough below 

the casing so that the blades on the reamer will open the required 

amount. A 45-degree r eamer requires a length below the casing about 

twice the shaft diameter. 

142. Concrete placement. The casing should not be pulled until 
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the head of concrete is sufficient to balance the water head external to 

the casing. Groundwater will otherwise mix with the concrete and cause 

defects or voids in the shaft. If the casing is pulled too rapidly and 

in a jerky, discontinuous motion, the concrete tends to flow beneath the 

bottom of the casing in a rippled pattern such that slurry may be trapped 

rather than displaced. Concrete that is too stiff will aggravate this 

problem. The water-cement ratio of the concrete should also be low 

enough to minimize washing out of cement from the aggregate and to mini

mize accumulation of free (laitance) water at the top of the shaft . 

143. Localized reduction in the shaft diameter (squeezing or 

waisting) can occur in soft soils when the casing is pulled. The uplift 

forces, strains in the fresh concrete, and high lateral soil pressure 

lead to squeezing of the soil. Squeezing is minimized by using high

slump concrete with a sufficient pressure head on the concrete. 

144. Extraction of the casing will cause a large drop in the level 

of the fresh concrete if large voids exist outside of the casing . Debris 

may fall on top of the lowered concrete surface while the casing is 

pulled. Concrete may sometimes be added by tremie after the casing is 

pulled partly out of the hole before the placed concrete begins to set. 

To avoid a defective shaft , additional concrete should not be placed after 

the casing is pulled or if there is a possibility of debris collecting in 

the shaft . All large voids should be filled with sand or other appro

priate material prior to removal of the casing . 

145. Casing may tend to stick in place during concrete placement . 

Attempts to knock the casing loose take time and may allow the concrete 

to set. The concrete may separate along the shaft when the casing is 

pulled and cause voids in the shaft. The casing should be left in place 

if the concrete appears to be setting up. 

146. Steel reinforcement. Partial-length steel causes support 

problems when the casing is pulled. The downward movement of the con

crete causes enormous dragdown forces on the steel that probably cannot 

be countered with surface equipment and without damage to the reinforce

ment . Steel reinforcement should be full length to avoid this problem. 

Partial-length steel is no problem with slurry displacement without 
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casing and can be easily supported while pouring the concrete. 

147. Inadequate openings in the rebar cage will not allow the con

crete to flow through the cage. Openings should be three times the maxi

mum size of the concrete aggregate . Horizontal bands can be welded to 

the lower portion of the rebar cage in place of spirals to minimize 

laterial movement of the cage while the casing is pulled. 

148. The rebar cage may also lock to the casing while the casing 

is pulled. This problem is aggravated by large concrete aggregate and 

a small clearance between the casing and the reinforcement. The casing 

should clear the cage by at least 3 in. 

Problems with the slurry method 

149. One of the worst problems is caving of unstable soils . 

Gravel or coarse sands are most susceptible to caving in a slurry-filled 

hole. Caving should be avoided with higher density slurries. Slicken

sided clays can also cave in in a slurry- filled straight shaft. Slurries 

that are too viscous may not be completely displaced by the concrete and 

not thoroughly scoured from the perimeter of the shaft or from the steel 

of the rebar cage . 

150 . The density of the slurr y may be increased by adding inert 

solids such as barite, while viscosity may be increased by adding benton

ite (Leyendecker 1978). Bentonites are not used in salt water as these 

will flocculate and will not hydrate such that the viscosity stays low. 

Fibrous (Attapulgite) clays or salt gels are used in salt water. These 

develop mechanical viscosity from hard agitation. Drilling fluids are 

kept clean to avoid excessive density and viscosity by use of shake 

screens and other surface process systems. Fresh fluids should be used 

for new borings . Figure 17 illustrates the viscosity resulting from 

different clay solids (Leyendecker 1978) . The y ield in Figure 17 is de

fined as the number of barrels of 15 centipoise (cps) mud that can be 

obtained from 1 ton of dry material . Figure 17 shows that small amounts 

of clay above 15 cps have a significant effect on viscosity . Table 16 

provides a rough guide for appropriate viscosities measured by the Marsh 

cone funnel (Farr 1978) . The units in Table 16 represent the time in 

seconds required to pass 1 quart of fluid through the funnel . 
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Table 16 

Appropriate Viscosity of Stabilizing Solution* 

Type of 
Ground Formation 

Clay 

Sandy silt, sandy clay 

Silty sand 

Sand, fine to coarse 

Sand and gravel 

* From Farr (1978). 

Funnel Viscosity, seconds 
Without Groundwater With Groundwater 

29-35 

32-37 

38-43 

45-52 

32-37 

38-43 

41-47 

60-70 

151. Loose cuttings . Slurries that are too thin may allow the 

cuttings to settle to the bottom where they may cause excessive settle

ment after loads are placed on the shaft . Loose cuttings adhering to 

the perimeter of the hole can cause inclusions and voids in the shaft . 

152. Concrete placement . The tremie sometimes becomes plugged 

stopping the flow of concrete. If the tremie is withdrawn, some concrete 

may fall into the slurry. The s lurry may quickly become very viscous 

from flocculation and difficult to pump . Inclus i ons may occur in the 

shaft following reinsertion of the tremie into the concrete and continua

tion of the pour . Construction of new shafts on either side of the 

existing shaft may be necessary. As a rule, the tremie should not be 

pulled above the concrete level in the shaft before the pour is completed. 

153. Steel reinforcement. The reinforcing cage may tend to move 

up if the tremie is too deep in the concrete and if the concrete is poured 

too rapidly. The cage very likely cannot be pushed back down. The 

reinforcing steel can be restrained from movement by holding the cage at 

the top or by a doughnut- shaped steel form clamped to the tremie during 

the pour . 

Prob l ems with groundwater 

154. Drilled shafts may become defective from moving groundwater 

or from chemical attack . Moving groundwater leaches out the cement in 

fresh concrete and washes the aggregate. These defects are usually 
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associated with permeable soil such as sands and gravels with large 

hydraulic gradients. Drilled shafts may also disintegrate from the 

presence of deleterious compounds in solution in groundwater or from 

seawater. Severe disintegration of concrete in drilled shafts had been 

experienced from sulfate attack (Thorburn and Thorburn 1977). 

Inspection 

155. The performance of drilled shaft foundations is determined 

by the quality of the construction as well as the design. Adequate 

inspection is necessary to (a) ensure adequate site investigation and 

supervision and (b) minimize bad construction practice and poor workman

ship. The geotechnical engineer or consultant is often asked to inspect 

the construction operation for the owner. 

156. Items that the inspector should observe are described in 

Table 17 . These items include a check of the shaft and bell dimensions; 

evidence of caving, squeezing, or seepage; condition of casing; loose 

cuttings at the bottom of the hole; adequate concrete slump; tremie 

kept below the concrete level during the pour in slurry- filled holes; 

adequate concrete head in the shaft prior to pulling of the casing; and 

reinforcement of specified design and strength. 

157. Open holes should not be entered until adequate safety is es

tablished . The minimum diameter is 1 . 5 ft. Caving soil should be con

tained by a protective casing and fall- in from the top should be eliminated . 

Air within the hole should be in good, breathable condition or an air mask 

provided. Safety harnesses and lines should always be used. Refer to the 

Corps of Engineers Safety Manual, Engineer Manual 385- 1- 1 (Headquarters , 

Department of the Army 1977), for further details . 
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Operation 

Drilling 

Dry method 

Casing method 

Slurry method 

Table 17 

Inspection Check Points 

Proper shaft dimensions 
Collapse of hole 

Check 

Weak soil or cavity beneath base of footing 

Loose cuttings in the hole 
Minimal seepage at the bottom; less than 2 to 3 in. 

if end bearing 
Concrete does not strike the shaft perimeter 

free-fall 

Sufficient concrete placed to balance the external 
pressure head before the casing is pulled 

Clean and undeformed casing 

Quality of slurry adequate to be displaced and 
scoured from the perimeter of the hole by the 
concrete 

Clean-out bucket should be used to clean the bottom 
prior to concreting 

Maintain tremie 5 to 10 ft below the level of 
concrete 

Underreams Minimal cuttings in the bottom, or at least 75 to 80 
percent of the bottom free of cuttings 

Adequate bell diameter (check travel of the kelly on 
the ground surface when the reamer is extended to 
the proper bell diameter) 

Concrete placement Segregation during placement 
Avoid pouring concrete through water 
Adequate slump; avoid hot concrete appearing to 

set up 
Maximum aggregate size not too large 
Excessive water-cement ratio 

Reinforcement cage Resistance to buckling during the concrete pour 
Full length if casing used 
Restriction to flow of concrete 
Restrained from movement during the concrete pour 
Proper position of cage 
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PART VI: RECOMMENDATIONS FOR RESEARCH 

158. These recommendations are directed toward elimination of 

unnecessary conservatism in design and improvement in overall reliabil

ity and performance of shafts. This overview for design of drilled 

shaft foundations in cohesive soil consequently indicates that research 

should be directed toward: 

a. Prediction of load-deflection behavior. Reliable 
methods for prediction of the complete load-deflection 
behavior of drilled shafts require much development . 
Methods that should be investigated include transfer 
functions and two-dimensional axisymmetric finite 
element analyses. 

b. Long-term behavior of drilled shafts . Analysis of long
term behavior requires effective stress analysis and 
field load tests on shafts that have been in place for 
many years . In situ measurements of lateral earth and 
pore pressures will be needed. 

c. Uplift resistance . The mechanisms of the uplift resis
tance to counter effects of swelling soil require under
standing . Reliable methods for calculating the uplift 
resistance are needed . 

d. Prediction of p - y curves . A reliable method of 
general applicability for predicting p - y curves for 
analysis of lateral load behavior is needed. 

e. Construction methods. Improvements in construction 
techniques are needed to reduce cons truction problems 
and improve performance of shaft foundations. 
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APPENDIX A: IN SITU TESTS 

1. Engineering properties of subsurface materials often can best 

be determined from in situ tests, and on occasion these may be the only 

means by which meaningful results can be obtained. Moreover, costs of 

taking the necessary number of samples from the soil mass and performing 

appropriate laboratory tests to determine soil properties needed for 

design may be high. Nevertheless , in situ test data are not always 

amenable to simple interpretation. The pore water conditions at the 

time of the test may differ appreciably from those existing at the time 

of construction. 

2 . A general discussion of in situ testing is presented in Engi

neer Manual 1110-1-1804 (Headquarters, Department of the Army 1980). 

Analysis of such tests performed on soils, clay shales, and other 

moisture-sensitive rocks must consider consolidation or expansion that 

may occur during the test. For example, because of possible consolida

tion during plate bearing tests or pressuremeter tests, it may be dif

ficult to determine if shear strength test results correspond to 

unconsolidated-undrained, consolidated-undrained, consolidated-drained, 

or more likely to strengths intermediate between these limiting states . 

3. Types of more useful tests for drilled shaft applications in

clude the standard penetration test (SPT), cone penetration test (CPT), 

and vane shear, borehole pressuremeter, and field load tests. Results 

of in situ tests have been correlated with relative density of sands, 

consistency of clay, and the in situ strength of the soil . Borehole 

pressuremeter tests are used to determine the in situ lateral modulus of 

elasticity 

load tests 

E 
s 

and coefficient of earth pressure at rest K • Field 
0 

on full-scale drilled shafts should be performed as part of 

large projects to determine the axial load-deflection behavior. Brief 

descriptions of these tests are presented in this appendix . 

Standard Penetration Test 

4. The SPT measures the number of blows N needed to advance a 

Al 



standard spoon 1 ft in the soil by driving with a 140-lb hammer and a 

drop of 30 in. It is described in EM 1110-2-1907 (Headquarters, Depart

ment of the Army 1972) . The test is of practical importance in that it 

provides a rough approximation of the relative density of foundation 

soils and s hould generally be made when drilled shafts are to be in

stalled. In some areas of the country, correlations have been developed 

between SPT results and drilled shaft performance (Meyerhof 1956). The 

split spoon is usually driven a total of 18 in. The penetration resis

tance is based on the las t 12 in., the first 6 in. being necessary to 

seat the sampler in undisturbed soil at the bottom of the boring. 

"Refusal" is usually taken as a blow count of 50 per inch of penetration . 

5. Approximate correlations of r elative density DR for nonco

hesive soils with angle of internal friction ~ · are available (Task 

Committee 1972, Schmertmann 1975). The data in Table Al demonstrate a 

fair correlation between N and consistency of cohesive soil . SPT data 

for a given area should be correlated with test data for undisturbed 

samples on large projects. 

Table Al 

Correlations Between Consistency and c , 
u 

Parameter 

Undrained 
Strength 
c , tsf 

u 

SPT Blm.z 
Count N 
blows/ft 

I 
0 

0 

Very Soft 

I 
0.25 

2 

for Cohesive Soils* 

Consistency 

Soft Medium Stiff 

I I 
0.5 1.0 

4 8 

N , and y 

Very Stiff Hard 

I I 
2.0 4 . 0 

16 32 

Unit Wet 
Weight 
y , tcf 

0 . 05-·0 . 06 0.055-0. 065 0. 06-0. 07 

Note : 

* 

I 

These values should be used as a guide only. 
should be t ested and the relationship between 
lished as c = BN . B = 1/8 in this table . 

u 

r 

Local samples 
N and c estab

u 

From Foundation Analysis and Design by J. E. Banks. Copyright ~ 
1977, 1968 by McGraw-Hill, Inc. Used with the permission of McGraw
Hill Book Company. 
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Cone Penetration Test 

6 . The CPT is essentially a miniature bearing capacity test in 

which a cone-shaped penetrometer (Figure Al) is pushed into the soil at 

a slow constant rate. The Dutch cone has been the most popular such 

device . The pressure required to advance the cone is termed the "pene

tration resistance ." The tip resistance and the combined tip and fric

tion sleeve resistance may both be measured by a load cell mounted on 

SCALE 

I I I 
0 

COLLAPSED EXTENDED 

Figure Al . Example of a mechanical 
f riction-cone pene trometer tip 
(Begemann Friction-cone) (after 

Nottingham and Grubbs 1978) 
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top of the inner push rods. After the cone is pushed to the desired 

depth on the outer rod, force is transferred to the inner rod causing 

tip movement followed by movement of the tip and the friction sleeve. 

The penetration resistance has been correlated with relative den-

sity of sands and consistency of clays; however, the applicability of 

the correlations to soil conditions in the United States has not been 

established. 

7. An estimate of the undrained shear strength of the soil 

may be obtained from 

where 

q - a 
c v 

c -
u N' 

c 

0 v 
- total vertical overburden stress, tsf 

N' -
c 

cone bearing capacity factor 

c 
u 

(Al) 

The cone bearing capacity factor N' 
c 

is not the same as the bearing 

capacity factor 

shear strength 

N 
c 

discussed later. Local experience or correlative 

strength. 

1978). 

data are required to estimate the undrained shear 

N' often falls between 10 and 20 (Nottingham and Grubbs 
c 

Vane Shear Test 

8. The in situ shear strength of soft to medium clays can be 

measured by pushing a small four - blade vane attached to the end of a rod 

into the soil and measuring the maximum torque necessary to start rota-

tion (shearing of 

the vane blades). 

a cylinder of soil of approximately the dimensions of 

The undrained shear strength 

this torque T as (ASTM standard D2573) 

where 

d - diameter of vane 

T - c 1T 
u 

(
d

2
h d

3
) 

2 + ljJ 4 

A4 

c 
u 

is computed from 

(A2) 



h - height of vane 

~ - 2/3 for uniform (usual assumption) end-shear distribution 

- 3/5 for parabolic end-shear distribution 

- 1/2 for triangular end-shear distribution 

The vane shear is best adapted to normally consolidated, sensitive clays 

having an undrained shear strength of less than 0.25 tsf. The device is 

not suitable for use in soils containing sand layers, pebbles, or fibrous 

organic material. Vane tests should be correlated with unconfined com

pression or other suitable tests before they are used extensively in any 

area. Strength values measured using field vane shear tests should be 

corrected for the effects of anisotropy and strain rate using Bjerrum's 

correlation factor y shown in Figure A2. This is an average value 

based on field failures and should be multiplied by 0.8 to obtain a 

lower limit. 
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Figure A2. Correlation factor for the vane shear test 
(after Bjerrum 1972) 
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Borehole Pressuremeter Test 

9. The pressuremeter test developed by Menard (1957) is an in 

situ loading test carried out in a borehole by means of a cylindrical 

probe. This test allows the determination of the complete load

deformation characteristics of the tested soil under plane strain con

ditions. In particular, the following parameters are determined: (a) 

the pressuremeter deformation modulus representative of the elasticity 

of the soil, which permits the evaluation of settlements, (b) the limit 

pressure, related to the shear strength of the soil, from which the 

bearing capacity of foundations can be computed, (c) in situ stress 

state and history including coefficient of lateral pressure K 
0 

the overconsolidation ratio UCR, and (d) steep rate of strain. 

and 

Founda-

tion design parameters, e.g., bearing capacity, settlement, and lateral 

shaft load capacity, can be determined from pressuremeter data. 

Equipment 

10. Several versions of the device exist including self-boring 

equipment such as the camkometer. The self-boring commercially avail

able camkometer is covered by a rubber membrane and contains two cells 

for pore pressure measurement. The various devices all function on the 

same principle and consist of three components as sho\vn in Figure A3: 

a probe, a pressure and volume control unit referred to as the CPV, and 

connecting tubes. The differences between the various devices are in 

details of the probe design. A detailed discussion of the pressuremeter 

is provided by Baguelin and Jezequel (1978). 

Interpretation of results 

11 . The rough results of a pressuremeter test are presented in 

the form of a volume versus pressure diagram as shown in Figure A4. The 

creep curve also shown in Figure A4 is determined as the volume change 

observed between 30 seconds and 1 minute and indicates the quality of 

the test; i.e., the central portion of this curve should be nearly hori

zontal, indicating little volume change or nearly elastic soil behavior . 

The pressure p . 
~ 

should correspond to the in situ total horizontal 

stress in the ground . The yield pressure or creep pf indicates the 
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PRESSURE GAGE 
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PRESSURIZED GAS 

VOLUMETER 

TUBING 

BOREHOLE 

PROBE 

Figure A3 . Schematic view of a pressuremeter sketch 
showing the CPV and probe (after Canadian Geotechnical 

Society 1979) 
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Figure A4. Typical pressuremeter and creep curves (after Canadian 
Geotechnical Soc i ety 1979) 

end of the e l astic stage . The limit pressur e pL is the asymptotic 

pressure following failure of soil around the probe . The pr essure 

should be corrected for hydrostatic pressur e of the manometer, cell 

stiffness, and compliance of the CPV and the t ubing . 

is determined from the pseudo-E 
p 

12. The pressuremeter modulus 

elastic part of the test corr esponding to the linear section of the 

pressuremeter curve . The pressuremeter modulus is expressed as 

E P - 2 ( 1 + v) ( V 
0 

+ V m) ~ ~ (A3) 
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where 

v =Poisson's ratio of the soil (generally taken as 0.33) 

v -
0 

v -
m 

ilp -= 
ilV 

initial volume of the central measuring cell of the probe 

volume of water injected under the pressure p = (p. + p )12 
. l. f 

slope of the pressuremeter curve between p. 
l. 

and 

The pressuremeter modulus is a shear modulus corresponding to a devia-

toric stress field . Typical values of 

Table A2 based on exper ience 1.n France 

E 
p 

and 

and are shown in 

Canada. 

Tabl e A2 

Typical Pressuremeter Data (After Canadian 

Geotechnical Society 1979) 

Type of Soil E 
' 

tsf PL ' p 

Peat and ver y sof t clays 2 to 15 0. 2 to 

Soft clays 5 to 30 0. 5 to 

Firm clays 30 to 80 3 to 

Stiff clays 80 to 400 6 to 

Loose silty sands 5 to 20 1 to 

Silts 20 to 100 2 to 

Sands and gravels 80 to 400 12 to 

Till 75 to 400 10 to 

Recent fill 5 to 50 0 . 5 to 

Ancient fill 40 to 150 4 to 

Field Load Test 

tsf 

1 . 5 

3 

8 

25 

5 

15 

50 

50 

3 

10 

13 . In situ load tests are often conducted on test shafts as 

part of a large project . These tests have consistently led to less 

conservative designs with substantial savings . Standar d test methods 

are available for axial loading of individual or groups of shafts (ASTM 

Standard D 1143- 74) . The maximum bearing capacity of the shaft should 
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be estimated prior to testing to help determine the l oading procedure. 

14. Figure AS shows example setups for an axial load test. Loads 

may be applied using the standard, constant rate of penetration (CRP), or 

Quick load methods. The standard method usually requires loading in 

increments of 25 percent of the design load which are to be maintained 

until the rate of settlement is less than 0.01 in./hour or until 2 hours 

elapses, whichever occurs first. 

to three times the design load. 

The maximum loading should exceed two 

The CRP method requires 0.01 to 0.05 

in./minute deflection for cohesive soils, and loading is varied to main

tain these rates. Loading should continue until penetration is at least 

15 percent of the shaft diameter. The Quick l oad test requires loading 

in 5- to 10-ton increments every 2 . 5 minutes until continuous jacking is 

required to maintain the load or until the capacity of the loading equip

ment is reached. The Quick load test is usually preferred to the stan

dard method because only about 2 to 3 hours is required compared to 7 or 

8 days. Effects of consolidation and creep are not measured during the 

Quick load test . 
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TEST BEAMS 

STEEL PLATE 
.. -- HYDRAULIC 

JACK RAM 

DIAL GAGE 
C:=~....--- TEST PLATE 

TEST SHAFT ANCHOR PILE 

REFERENCE 
BEAM 

a . With anchored piles 

-----------------------------------------
WEIGHTED PLATFORM 

TIMBER CRIBBING 

~~lli.Ja..Jrt.a~ STEEL P LA TE 

~~.....,""""'~ DIAL GAG 

TEST SHAFT 

HYDRAULIC 
JACK RAM 

TEST P LA TE ~~r7l"'~"'"'JIII 

REFERENCE 
BEAM 

b. With weighted platform 

Figure AS . Sketches of test arrangements for appl ying loads 
to a drilled shaft (after ASTM D 1143-74) 
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APPENDIX B: NOTATION 

aij Lateral load flexibility coefficients, i = 1,2 ; j = 1,2 

A Activity of soil; area enclosed by outer perimeter of group, 
ft 2 ; Skempton's pore pressure parameter 

~ Base area, ft 2 

A Cross-sectional area of plate, ft 2 
p 

A Cross-sectional of shaft, ft 2 percent steel area • 
s , 

reinforcement 

A Elastic lateral load coefficient 
y 

B Perimeter of group, ft; breadth of group, ft 

B Elastic lateral load coefficient 
y 

c Effective cohesion, tsf 

c Average effective cohesion around group perimeter, tsf 

c Soil adhesion, tsf 
a 

c Undrained strength, tsf 
u 

2 
c Coefficient of consolidation, ft /day 
v 

C Compression index 
c 

C Elastic lateral load coefficient for moment 
m 

C Elastic lateral load coefficient for deflection 
y 

d Diameter of vane, ft 

dL Increment of shaft length, ft 

D Diameter or width of plate, ft 

Diameter of base of shaft, ft 

Diameter of shaft, ft 

Relative density, percent 

e Distance above ground surface, ft 

Bl 



E 
c 

E 
s 

f 
n 

f 
s 

F 
c 

FS 

G 
s 

h 

H 

I 

I 

I 
n 

I y 

ym 

yp 

IL 

Ie 

1
em 

Young's modulus of concrete, tsf 

Efficiency of group 

Soil modulus from pressuremeter, tsf 

Young's modulus of soil, tsf; soil modulus of shaft reaction, 
tsf 

Young's modulus of soil beneath the base, tsf 

Fraction of load carried by base; distance 1 . 5D from ground 
s surface to maximum bending moment, ft 

Skin resistance from negative skin friction, tsf 

Skin resistance (friction), tsf 

Pullout resistance factor 

Factor of safety 

Shear modulus, tsf 

Height of vane, ft 

Thickness of consolidating layer, ft 

Thickness of fill, ft 

Settlement influence factor (overall); moment of inertia , ft 4 

Settlement influence factors for shaft/base diameter and 
soil/shaft modulus effects 

Influence load coefficient as function of 
time 

Influence factor for deflection 

Influence factor for deflection 

Influence factor for deflection 

Liquidity index 

Influence factor for rotation 

Influence factor for rotation 
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k 
s 

Influence factor for rotation 

Dimensionless shape function; empirical cons tant 

Base load transfer constant 

Coefficient of horizontal subgrade r eaction, tons/ft3 

Empirical constant 

Coefficient of subgrade reaction for a 1-ft-square plate, 
tons/ft3 

k Transfer stress function for a point at depth z zz 

k 
00 

K 

K 
0 

L 
n 

m 

rn 
v 

M 

Myield 

Coefficient of subgrade reaction of infinitely long shaft, 
tons/ft3 

Coefficient of lateral earth pressure; load transfer factor 

Coefficient of lateral earth pressure at rest 

Hyperbolic factor 

Length of shaft, ft 

Thickness of soil down to the neutral point, ft 

Factor dependent on overconsolidation ratio; number of shafts 
along breadth B 

2 Coefficient of volume change, ft /ton 

Moment at ground surface, ft-tons 

Yield moment of shaft section, ft-tons 

n Number of shafts along width, W ; number of shafts in group; 
hyperbolic factor 

nh Soil modulus/depth function 

N Number of blows needed to advance the standard spoon 1 ft in 
the soil by driving with a 140- lb hammer and a drop of 30 in. 

N Dimensionless bearing capacity factor for cohesion 
c 

N' Cone bearing capacity factor 
c 

N Dimensionless bearing capacity factor for overburden 
q 
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OCR Overconsolidation ratio 

p 

p 
a 

pd . es1gn 

Soil reaction/unit length, tons/ft; average pressure of 
and pf , tsf 

Yield pressure from pressuremeter, tsf 

Initial pressure from pressuremeter, tsf 

Asymptotic pressure following failure around probe, tsf 

Lateral load, tons 

Atmospheric pressure, tsf 

Design lateral load, tons 

p. 
1 

p 
r 

Resultant force transmitted from retaining wall to supporting 
shaft, tons 

p 
u 

Ultimate lateral load, tons 

PI Plasticity index 

Pe Lateral force at height e above ground surface, tons 

qb Base pressure, tsf 

q Ultimate base resistance pressure, tsf 
bu 

qc Cone penetration resistance, tsf 

Q Load on shaft, tons 

Qb Base resistance, tons 

Q Ultimate base resistance, tons 
bu 

Q Load transferred to shaft from negative skin friction, tsf 
n 

Q Ultimate shaft resistance for negative skin friction, tons 
ns 

Qr Force restraining upward thrust or pullout, tons 

Q Skin resistance, tons 
s 

Q Ultimate skin resistance, tons 
su 

Qu Ultimate capacity of a single shaft, tons 
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r 

R 
s 

s 

T 

Ultimate capacity of a group of shafts, tons 

Working (safe) load, tons 

Load on shaft at mobilization of full skin resistance, tons 

Radius of shaft, ft 

Hyperbolic factor 

Group reduction factor 

Settlement reduction factor for finite soil depth correction 

Settlement reduction factor for pile compressibility 
correction 

Settlement ratio of group/single shafts 

Shaft spacing, ft 

Shape of load transfer function 

Skin friction number 

Relative Shaft Stiffness for variable soil modulus, ft; 
torque on vane, tons 

V Volume of water injected under pressure p , cc 
m 

v 
0 

w 

X 
a 

y 

z 

Initial volume of the central measuring cell of the probe, cc 

Width of group, ft 

Active depth of volume change of soil, ft 

Lateral deflection, ft 

Ground line deflection, ft 

Lateral deflection at one half of the ultimate lateral load, 
ft 

Depth, ft 

Empirical shear strength reduction factor 

a ' Reduction factor for clay consistency 
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Lateral earth and friction angle factor; stiffness function 
for constant subgrade reaction, ft-1 ; coefficient relating 
blow count N with undrained strength c 

u 

Reduction factor to account for part of soil weight carried 
by shaft 

y 
3 Unit wet weight of soil, tons/ft ; Bjerrum' s correlation 

factor for vane test 

Unit weight of concrete , tons/ft 3 

Unit weight of fill, tons/ft 3 

Differential movement between shafts, • 1n. 

6.y Creep , cc 

£ Strain, percent 

£
50 

Strain at one half maximum deviator s tress, percent 

Angle of skin friction between soil and concrete, degrees 

9 Rotation, degrees 

v Poisson's ratio 

p Se ttlement or deflection, in. 

Se ttlement of shaft due to load carried in end bearing, 

Ultima te settlement of shaft due to load carried in end 
bearing, in. 

pg Group settlement, in. 

p . 
1 

Se ttlement (deflection) for an incompressible pile , 

p
0 

Soil settlement at the surface, in. 

ps Shaft movement at dep th z , in. 

P Ultimate settlement, in. 
u 

pyi Settlement at mobilization of full skin resis tance, 

a Total vertical overburden stress, tsf v 

a ' Effective v ertical s tress, tsf 
v 
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a ' Mean normal effective ground stress, tsf 
m 

a Vertical stress at a point 2 in the soil, tsf 
zz 

a
3 

Lateral confining pressure, tsf 

T Shear stress at movement p , tsf 

T Shear strength , tsf 
s 

¢ ' Effective angle of internal friction, degrees 

¢r ' Residual effective angle of internal friction (at large 
strain) , degrees 

Shape of stress distribution of vane test; empirical shear 
strength reduction facto r for use with casing and mud 
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